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1. INTRODUCTION 


Tue remarkable and very beautiful effects exhibited by iridescent opal have 
long been known and have made it one of the most admired of gems. In 
the finest specimens, the play of colour takes the form of localised internal 
reflections exhibiting hues of extraordinary brilliance and saturation which 
vary from place to place over the area of the gem and change in a surprising 
manner with the angle of incidence of the light. Not the least part of the 
beauty of a fine opal is the orange-red colour of the transmitted light which 
may be seen reflected back by the rear surface of the gem and then appears 
all the more vivid by reason of its contrast with the greens and blues so fre- 
quently seen in the iridescence. Spectroscopic examination reveals that 
the internal reflections and the corresponding extinctions in the transmitted 
light are highly monochromatic. From this, it is evident that they are 
consequent on the presence within the material of regularly stratified layers 
in great number. Indeed, the existence of such stratifications is not just a 
hypothesis. When a gem-opal is examined through a microscope which 
has arrangements for illuminating the object from above the stage and 
viewing it by the internally reflected light, the lamellar structure of the mate- 
tial becomes immediately evident. In not a few cases, geometric patterns 
of a very striking character are observed (see Figs. 1 to 4 in Plate XXVI). 


A reasonable hypothesis which would fit the observed character of the 
stratifications as well as the optical effects to which they give rise is that 
iridescent opal consists of alternate layers of two crystalline modifications 
of silica of slightly different refractive index. In a recent paper! in these 
Proceedings, we presented evidence which supports this hypothesis derived 
from a study of the X-ray diffraction patterns of hyalite which is a material 
having a composition similar to that of gem-opal and exhibiting optical 
phenomena of a similar nature. Further studies have since been carried 
out by us in which X-ray cameras of higher resolving powers were used and 
the resulting photographs were precisely measured. They have enabled us 
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to reach the definite conclusion that the two modifications of silica present 
in hyalite are respectively low-tridymite and high-cristobalite. X-ray studies 
have also been made by us with common opal which occurs in massive form 
with a waxy lustre. These have led to a similar conclusion regarding the 
nature of the latter material. 


The X-ray patterns of gem-opai are diffuse, thereby making it less easy 
than in the case of the crypto-crystalline materials hyalite and common opal 
to identify the nature of the atomic groupings which appear in the alter- 
nating layers of its lamellar structure. Nevertheless, a careful examination 
of the patterns leaves little room for doubt that, as in the case of the iri- 
descent hyalite, we are concerned with two modifications of silica present 
side by side in it, one of them having a structure resembling that of low- 
tridymite and that the other that of high-cristobalite. Comparative studies 
of the optical behaviour of hyalite and of gem-opal made by us confirm 
this finding and establish this as the origin of the iridescence exhibited by 
these materials. 


2. THE CRYPTO-CRYSTALLINE FORMS OF SILICA 


As is well known, agate and chalcedony are massive forms of silica 
which X-ray studies show to consist of crystallites of quartz. The latter are 
frequently grouped together in specific orientations, thereby giving rise to 
the characteristic banding of the material, as has been shown by us in a 
recent paper.? Prima-facie, one may expect that two other crypto-crystelline 
forms of silica should also be forthcoming in nature consisting respectively 
of low-tridymite and fow-cristobalite. The latter expectation, at least, is 
found to be fully justified. Some years ago, a white and compact porcelain- 
like material was collected by one of us on the open terrain not far from 
Indore in Central India. It was usually found associated with agate, but 
occasionally also appeared as separate masses. The density of the material 
has been determined and lies between 2-32 and 2-35, thus excluding the 
possibility of its being chalcedony. The density approximates closely to 
the known value for low-cristobalite, and examination by X-ray diffraction 
methods confirms this identification. On heating the substance to about 
300° C., it transforms completely to hizh-cristobalite, and on cooling reverts 
again to low-cristobalite. These findings are illustrated in Figs. 12 (a) and 
(b) in Plate XXIX which show respectively the X-ray patterns of the material 
at the low and at the high temperature. The pattern was first recorded at 
the high temperature and later at the room temperature. Measurement 
of the photographs confirms the identification of the material with cristo- 
balite. f. 
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It is clear from the X-ray patterns that the cristobalite is present in the 
material in random orientations and in a highly divided form, the particle 
size indicated being about 1 » in diameter. This is confirmed by optical 
observations. A slice about half a millimeter thick cut from the material 
and polished on both sides regularly transmits light of a deep red colour 
which is unpolarised. From these observations again, one infers that the 
crystallites are of small dimensions and are randomly orientated. The 
most significant result that emerges is that high-cristobalite is unstable at 
ordinary temperature even when in a fine state of subdivision and reverts 
immediately to low-cristobalite. 


> 


3. THE STRUCTURE OF COMMON OPAL 


Another material examined by us in detail is common opal with a waxy 
lustre, two large lumps of which were purchased from a mineral dealer in 
New York. The material is translucent in thick layers, but in smaller 
thicknesses of the order of a millimeter transmits light freely. The density 
of the material is 2-02 and its refractive index 1-440. On heating to about 
800° C., it becomes opaque and white and also loses about 10% of its weight, 
presumably due to the loss of adsorbed water. An X-ray diffraction pattern 
was recorded in the usual manner, using a fine rod prepared from the mate- 
tial with a cylindrical camera of 3cm. radius. This is reproduced in 
Fig. 13 (b) in Plate XXX. Figs. 13 (a) and (c) in the same Plate are X-ray 
diffraction patterns respectively of high-cristobalite and low-tridymite, 
recorded under identical conditions. The low-tridymite was taken off a 
burnt-out silica brick and then finely powdered; the high-cristobalite is the 
same material as that described in the preceding section. 


A careful comparison of the three patterns reproduced in Plate XXX 
is highly instructive. Particularly noteworthy is the fact that the principal 
ting of common opal is of considerable width, this being approximately the 
same ‘s the total width covered by the triplet of lines appearing in the pattern 
of low-tridymite, while on the other hand, the principal ring of high-cristo- 
balite is single, sharp and well defined. But in other respects, the patterns 
of common opal and of high-cristobalite exhibit a close similarity. But 
even so, there are recognisable differences. While the rings of high-cristo- 
balite are all sharp and fairly intense, those of common opal are definitely 
weaker and also rather diffuse though to varying extents. The pattern of 
the opal also exhibits a much more intense small-angle scattering than that 
of high-cristobalite. A continuum of varying intensity is also present in 
the pattern of the opal which is absent in the case of high-cristobalite. On 
careful scrutiny, a close correspondence is revealed between the intensity 
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of the continuum in the pattern of common opal and the integrated intensity 
of the groups of lines appearing in the corresponding parts of the low-tridymite 
pattern. 


All the facts set forth above indicate that common opal is a material 
in which high-cristobalite and low-tridymite co-exist in intimate juxtaposition. 


4. THE STRUCTURE OF HYALITE 


In our earlier paper which appeared in these Proceedings for August 
1953, the X-ray diffraction patterns of four specimens of hyalite were repro- 
duced. The pattern of specimen No. I which was recorded with a 3 cm. 
radius camera is reproduced again as Fig. 14(b) in Plate XXXI. For com- 
parison with it, the patterns of high-cristobalite and low-tridymite recorded 
under identical conditions are once again reproduced in Plate XXXI as 
Figs. 14 (a) and 14(c) respectively. Apart from the circumstance that only 
one side of the pattern of the hyalite has been recorded, it will be seen that 
it closely resembles the pattern of common opal appearing in Fig. 13 (6) 
in Plate XXX, except that the outer rings are generally rather sharper and 
more intense in the case of the hyalite. Hence, the remarks made above 
regarding common opal apply mutatis mutandis to the case of hyalite. 


To make the position clearer, the pattern of hyalite No. IV which had 
a very sharp edge has been recorded once again with X-ray cameras of higher 
resolving power. A picture taken with a camera of 5-73 cm. radius and 
an exposure of seven hours is reproduced as Fig. 9 in Plate XXVIII. Three 
prints of a pattern of the same specimen recorded with a camera of 19cm. 
diameter and an exposure of twelve hours are reproduced as Fig. 10 in the 
same Plate. It is very clearly seen in both pictures that the principal ring 
in the pattern is a triplet, with a strong central component. Both the posi- 
tions and relative intensities of the components of the triplet are explicable 
if the pattern is recognised to be a superposition of those of high-cristobalite 
and low-tridymite. This will be evident from Table I where the respective 
d-values of the more prominent lines have been tabulated. The table also 
makes it clear that the suggestion made in our earlier paper that the X-ray 
pattern of hyalite isa superposition of the patterns of high- and low-cristo- 
balite is untenable. 


5. THE STRUCTURE OF GEM-OPAL 


The density of gem-opal ranges between 2-1 and 2-2, and its refractive 
index between 1-45 and 1-46. The density and the refractive index of 
hyalite are respectively 2-0 and 1-44 respectively, these lower values being 
related to those for gem-opal at least approximately in the manner demanded 
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TABLE I. d-values in Angstroms with intensities 





Low- High- Low- 
cristobalite cristobalite Hyalite tridymite 








| - 4:32 (moderate) | 4-32 (intense) 


mn | 4-13 (intense) 4-12 (intense) 4-10 (strong) 
4-04 (intense) im sa es 


3:9 (weak) 3-82 (strong) 


3-12 (moderate) os 
2-97 (moderate) 


2-85 (moderate) 











2-48 (strong) 2°52 (strong) 2-51 (strong) 2-49 (moderate) 








by the Gladstone-Dale formula. The principal difference between gem-opal 
and hyalite is that while the latter, as we have seen, gives a well-defined 
X-ray diffraction pattern, the pattern of the former is diffuse and resembles 
that of vitreous silica, though there are recognisable differences. Figs. 11 (a), 
(b), (c), (d) and (e) in Plate XXIX are X-ray diffraction-patterns recorded 
with a camera of 5-73cm. diameter and the filtered radiation from a 
molybdenum target of the materials indicated respectively against each 
figure. Figs. 11 (a) and (e) are of two different specimens of gem-opal, while 
the other figures refer respectively to silica gel, vitreous silica and the natural 
silica glass from the Sand Sea in the Libyan Desert collected by Dr. L. J. 
Spencer. At a first glance, all the patterns seem to be similar, but a more 
careful scrutiny reveals significant differences. Remarkably enough, the 
difference is greatest as between gem-opal and vitreous silica. In the patterns 
of opal the two outer rings are seen clearly separated from each other and 
from the next inner ring, whereas with the vitreous silica, the two outer rings 
have nearly coalesced, and the next inner ring has joined up with the bright 
central area. The differences between the opal and the silica gel on the one 
hand, and between opal and the Libyan glass on the other, are of a less 
striking character. It should be remarked that in the case of all four mate- 
tials, there are two outer bands of low intensity which can be scarcely 
glimpsed in the reproductions. The d-values calculated for the principal 
ting and for the five outer bands for the case of gem-opal are respectively 
4-1 A, 2-05 A, 1-45 A, 1:20A, 0:97A and 0-80A. 


The use of the short-wave molybdenum radiation and a camera of small 
radius results in obscuring much of the visible detail in the inner parts of 
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the pattern. The latter are much clearer when recorded with the filtered 
radiation from a copper target. Two pictures, namely those of gem-opal 
and of silica glass, taken with CuK, radiation and a flat camera with a film 
to specimen distance of 4cm. are reproduced as Figs. 8 (a) and 8 (b) res- 
pectively in Plate XXVIII. The density of gem-opal being rather less than 
that of vitreous silica which is 2-22, one might have thought that the princi- 
pal ring of opal should have a smaller angular diameter and give a larger 
d-value than that of silica glass. The actual position is the reverse, as can 
be seen on a careful comparison of the two figures. It will also be noticed 
that the first diffraction ring of gem-opal is definitely sharper and of greater 
intensity relatively to the region inside it than for silica glass. 


Using the CuK, radiation and an X-ray camera of 3 cm. radius with 
adequate exposures, the complete pattern of gem-opal can be satisfactorily 
recorded and shows features of great interest. Unfortunately, however, 
owing to the weakness of the outer bands relatively to the principal halo, 
it is difficult to copy it in a satisfactory manner for reproduction. Hence 
we have to content ourselves here with a description of the observed features. 
One can clearly see in the photographs besides the principal ring and a strong 
continuum stretching out from it, a distinct concentration of intensity along 
a ring with a d-value of 2-50 A, besides the other bands with smaller d-values 
which are the same as those recorded with molybdenum radiation. The 
pattern in fact is essentially similar to that of hyalite reproduced as Fig. 14 (6) 
in Plate XXXI, provided that one supposes that the rings appearing in the 
latter had broadened out sufficiently to become a set of diffuse bands. The 
continuum seen in the hyalite pattern between its first and second rings is a 
conspicuous feature also in the pattern of the gem-opal as recorded with the 
CuK, radiation. 


Thus, the X-ray data point clearly to the conclusion that the structure 
of gem-opal is essentially the same as that of hyalite, except that the crystal- 
lites are now much smaller, thereby tending to make the material simulate 
a vitreous solid. 


The essential similarity between hyalite and gem-opal indicated by the 
X-ray data is supported by other facts of observation. One of the most 
striking features observed with gem-opal is the appearance of visible strati- 
fications in it. These are very conveniently observed with the aid of an 
‘ Ultropak* microscope. In this arrangement, a conical beam of light is 
directed from above the stage on to the surface of the specimen and the 
latter is viewed by the light reflected from its interior and returned to the 
objective of the microscope. A great variety of geometric patterns are 
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observed, a few particularly striking examples of which are reproduced as 
Figs. 1, 2, 3 and 4 in Plate XXVI. Figs. 1 and 4 refer to exactly the same 
portion of a particular specimen but under slightly different conditions of 
illumination. Fig. 2 refers to another area on the same opal. Fig. 3 is a 
particular area on the finest gem-opal in the collection of this Institute. It 
will be seen from these pictures that the stratifications run in several direc- 
tions simultaneously and in fact the entire material is honeycombed by 
them. The material is divided up into layers parallel to one, two or even 
three sets of parallel planes crossing each other. It is to be noted that 
hyalite also shows visible evidence of internal stratifications. One may 
refer for example, to the picture of our specimen II under transverse illumi- 
nation reproduced as Fig. 5 in Plate IX of the earlier paper in which tri- 
angular patches shining by reflected light are clearly to be seen. The essen- 
tial similarity of the structures of opal and hyalite is thus made clear. 


6. OBSERVATIONS WITH MONOCHROMATIC LIGHT 


In examining the optical behaviour of regularly stratified media, the use 
of monochromatic light is very helpful. We shall proceed to recount some 
observations made with opals, respectively in the light of a sodium vapour 
lamp and of a mercury arc. 


The finest opal in the collection of this Institute is a square tablet which 
in diffuse daylight exhibits bright green, blue or violet flashes of internal 
reflection. In the light of a sodium vapour lamp, however, this brilliance 
disappears and the gem is seen transformed to an insignificant and unsatis- 
factory object exhibiting numerous defects, including especially a cloudiness 
over part of its area on one face in which no iridescence is visible even in 
diffuse daylight. Every one of the opals in the collection of the Institute 
which exhibits a green or blue iridescence resembles in the light of a sodium 
lamp a piece of common but rather turbid glass. Such disappearance of 
the iridescence is intelligible in the light of optical theory, for a regularly 
stratified medium ceases to reflect at any incidence if the wave-length A of 
the light is greater than 2 ut, where » is the mean index and ¢ is the spacing 
of the stratifications. 


The opals which show up so badly in the light of the sodium lamp pre- 
sent a very different appearance in the light of a mercury arc. The differ- 
ence between the mercury arc and diffuse daylight is however conspicuous 
in the colour exhibited by the internal reflections, as also in the colour of 
the transmitted light. The former shows less variety than in daylight, while, 
on the other hand, the transmitted colours are more lively, being less diluted 
by the light of longer wave-lengths present in daylight. 
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In our earlier paper,' we described and illustrated the optical effects 
exhibited by hyalite which were individually different in our three speci- 
mens I, IJ and III. The first showed a diffusion halo around the direction 
of the transmitted light, the second a set of radially directed diffraction 
spectra, while our specimen III behaved much like an opal and showed a 
great number of individual monochromatic reflections backwards towards 
the source of light, many of which are of a red colour. Examined in the 
light of a sodium lamp, hyalite No. III showed many sparkling reflections 
from its interior which disappeared and reappeared in other positions as 
the specimen was turned round. 


It is clear from the facts that the optical effects exhibited by transparent 
hyalite and by iridescent opal form a continuous sequence in which there 
are three stages. In the first stage, the stratifications are too widely spaced 
to result in internal reflections, but give rise to diffraction haloes or diffrac- 
tion spectra in forward directions. In the second stage, the stratifications 
are too closely spaced to give diffraction effects in forward directions, but 
result in reflections backwards towards the source. Finally, we have a 
third stage when the stratifications are too closely spaced to give any effects 
at all, unless the wave-length of the light is sufficiently small. In the crypto- 
crystalline hyalites, we would naturally expect the first stage to be commonest, 
and the second stage less common. In the gem-opals, on the other hand, 
where the material is approaching the vitreous condition, the stratifications 
may be expected to be much finer and the third stage therefore attained, 
unless the wave-length of the light is chosen sufficiently small. We do indeed 
have opals which exhibit a bright yellow or red iridescence. But those with 
a green, blue or violet iridescence are commoner, indicating that the more 
closely-spaced stratifications are favoured. 


7. THE REFLECTION PATTERNS OF OPAL 


In studying the optical behaviour of opal rather more closely, we may 
adopt one of two different methods. In the first method, we view the opal 
directly or through a microscope, illuminating it from one direction and 
viewing it in another, and vary these directions. The second method is the 
same as that described in our earlier paper. We illuminate the opal by a 
intense narrow pencil and the light reflected backwards is received on a 
white screen held not too far away from the specimen, a small aperture in 
the screen permitting the illuminating pencil to pass through and fall on the 
opal. The complete pattern of reflected, diffracted or scattered light 
returned by the opal is then visible on the screen. 
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Observations made in the manner described disclose a great variety of 
effects in different cases. With some specimens, we observe a bright spot 
or a group of bright spots constituting a reflection-pattern properly so-called. 
There are also cases in which no pattern appears but only a diffuse area of 
light on the observing screen, its colour being the same as that of the observed 
opalescence of the specimen. Opals giving brilliant localised reflections 
give, in general, complex patterns composed of bright spots, bright coloured 
streaks of light and brilliant diffraction spectra crossing each other in differ- 
ent directions, the whole pattern altering rapidly as the opal is moved with 
respect to the illuminating pencil of light. Even those opals which are not 
of much value as gems, exhibiting colour only in tiny specks or spots on a 
non-iridescent background, give interesting patterns of various kinds. 


It would take us too far from the main purpose of the paper to describe 
or discuss the reflection patterns of opal in greater detail. We may, how- 
ever, make a brief reference to the behaviour of a particularly interesting 
specimen in our collection. This is a so-called ‘‘ black-opal” in other 
words, a layer of opal on a background of opaque ferruginous material. 
When it is illuminated by a narrow pencil of sunlight, the pattern seen on 
the viewing screen is a single bright streak of light covering a wide range 
of angles and exhibiting the usual sequence of colours seen in a diffraction 
spectrum. The distribution of intensity in the spectrum is however ana- 
molous, a concentration of intensity appearing at one place and a dark gap 
elsewhere, the position of the former altering with the inclination of the 
reflecting surface to the incident pencil of light. Examination of the speci- 
men under the microscope reveals the presence of parallel striations over 
its area. These presumably represent the stratifications of the opal meeting 
the surface of the specimen obliquely. That in these circumstances a 
diffraction spectrum appears and not a simple reflection is scarcely surprising. 


8. THE SPECTROSCOPIC FACTS AND THEIR SIGNIFICANCE 


Figs. 5 and 6 in Plate XXVII reproduce some spectroscopic records 
of the reflection of light by some specimens of gem-opal, a beam of white 
light being allowed to fall at nearly normal incidence on a restricted area 
of the specimen and after reflection being received on the slit of the instru- 
ment. Particularly remarkable is the spectrum reproduced in Fig. 5 (d). 
It shows a single monochromatic reflection in the red, the spectral width of 
which is only about 20A. Figs. 6 (a), (b), (c), (a), (e) and (f) are a series 
of reflection spectra recorded with a single specimen of opal immersed in 
a cell containing liquid paraffin, the angle of incidence of the light being 
varied by steps from nearly normal incidence to about 50°. The exposures 
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with which the spectra were recorded were not the same in all cases, and 
hence it is not possible to attach any quantitative significance to the spectral 
width as seen in the reproductions. In a general way, however, it is evident 
that there has been no noteworthy increase in the spectral width of the reflec- 
tion in spite of the wave-length at which it appears having been shifted from 
5820 A to 4930 A with the increasing angle of incidence. 


Figs. 7 (a), (b) and (c) in Plate XXVII are the extinction spectra of three 
different gem-opals in the collection of the Institute. They were recorded 
by the simple device of holding the specimen against the slit of the record- 
ing spectrograph and allowing the light from a filament lamp 50 cm. away 
to enter the slit after passing through the specimen. The photographs 
exhibit the extinctions produced by the entire thickness of the opal which 
was about 3 millimeters in each case. They represent the joint effect of 
the sets of stratifications present at different depths and possibly also 
differently inclined to the path of the light-rays through the opal. The 
spectrograms exhibit a great variation in the effects recorded at different 
points along the slit of the instrument. Well-defined extinctions usually about 
100 A wide appear in the blue-green region, accompanying which are seen 
streaks of transmitted light extending towards the violet end of the spectrum, 
In other regions, there appears a general cut-off of the shorter wave-lengths 
and a free transmission of the longer wave-lengths. These facts will be 
readily understood in the light of the remarks made earlier in this paper. 


The theory of the reflection of light by a regularly stratified medium 
has been elaborately discussed in these Proceedings by G. N. Ramachandran.* 
As has been shown by him, the degree of monochromatism of the reflections 
by such a medium cannot be indefinitely increased by increasing the number 
of its stratifications, their spectral width having a minimum limiting value 
which depends only on the reflecting power of an individual stratification. 
If such reflecting power be large, the monochromatism would necessarily 
be very imperfect; per contra, if high monochromatism is actually observed, 
it indicates that the reflecting power of an individual lamination is small. 
These conclusions have an important application to the case of opal. They 
indicate that the difference in refractive indices of the alternate layers of the 
stratifications in opal is quite small. Further, such variation is strictly periodic 
and of the same magnitude throughout an individual set of stratifications. 


9. THE NATURE OF THE STRATIFICATIONS 


The considerations set forth above suffice by themselves to exclude 
the explanations of the iridescence of opal which appear in the earlier lite- 
rature of the subject. It is likewise not possible to entertain the idea that 
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the presence of adsorbed water in opals is responsible for their iridescence, 
as it would then be necessary to assume that the adsorbed water is so distri- 
buted as to give rise to a regular periodic variation in refractive index of small 
magnitude, an assumption for which there is no prima facie justification. 
We have made some observations on the effect of heating opals to tempe- 
ratures sufficiently high to drive out all adsorbed water. This drastic treat- 
ment usually results in a disintegration of the opal, but the iridescence as 
such remains unaffected. We are thus forced to recognise that the iridescence 
of opal is a consequence of the inherent structure of the silica in the 
material. 


The densities of low-tridymite and of high-cristobalite are not very 
different and their refractive indices would therefore differ just sufficiently 
little to account for the observed behaviour of opal if they exist as separate 
layers sfMe by side. The same difference could equally account for the 
observed cloudiness of opal in many cases if the distribution of the two 
materials were irregular in such cases. 


As is well known, high-cristobalite is a form of silica which is stable over 
a wide range of temperatures, but which reverts to low-cristobalite below 
300°C. The presence of high-cristobalite admixed with low-tridymite in 
opal may be reasonably accounted for by assuming that its association with 
low-tridymite, which is itself a stable form at ordinary temperature, confers 
on it the requisite stability. Since the two materials have the same chemical 
composition and nearly the same density, and since their structures have the 
silicon-oxygen tetrahedra as a common factor, there is no inherent difficulty 
in making such an assumption. Since the two structures are not identical, 
the materials would naturally tend to segregate and form layers so disposed 
with respect to each other as to present the maximum possible degree of 
continuity in the chains of valence bonds between the silicon and oxygen 
atoms extending through the material. Since the structure of low-tridymite 
is psuedo-hexagonal while that of high-cristobalite is cubic, geometric 
patterns in which the two structures alternate may be expected to arise, as 
is indeed actually observed in opal. 


SUMMARY 


The X-ray investigation of the structure of the cryptocrystalline hyalites 
reported in an earlier paper has now been revised using cameras of higher 
resolving power. Precise measurements of the resulting photographs reveal 
that low-tridymite and high-cristobalite are present associated with each other 
in this material. Investigation of the structure of common opal exhibiting 
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a waxy lustre leads to similar results. From a detailed examination of the 
diffuse X-ray patterns given by gem-opals as well as a comparative study of 
the iridescent hyalites and opals, it is concluded that in both of these mate- 
rials, the presence of alternating layers of high-cristobalite and low-tri- 
dymite is responsible for the iridescence. 
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THE benzanthrone condensation on substituted anthraquinones sometimes 
gives a mixture of substituted benzanthrones, and sometimes takes a 
single course. Thus a-chloroanthraquinone gives all the three possible 
chlorobenzanthrones,' while a- and f-hydroxyanthraquinone give 6- and 4- 
hydroxybenzanthrone respectively*; but the formation of the other possible 
isomers is not excluded since the products of reaction have not been sub- 
mitted to chromatographic analysis. Alizarin gives 5: 6-dihydroxybenz- 
anthrone (isobenzalizarin).*»!_ Neither anthraquinone-l-carboxylic acid nor 
the corresponding anthrone condenses with glycerol and sulphuric acid,* 
but the amide of anthraquinone-l-carboxylic acid leads to benzanthrone-8- 
and 1l-carboxylic acids.* By the condensation of diphenylmethane-2: 4’- 
dicarboxylic acid with glycerol and sulphuric acid benzanthrone-9-carboxylic 
acid has been obtained.* The benzanthrone condensation on anthraquinone- 
2-carboxylic acid gives mainly the 10-acid, together with a small quantity 
of the 9-acid.* From these results Copp and Simonsen® concluded that 
‘*“condensations with glycerol occur in the unsubstituted anthraquinone 
ring as would perhaps be expected on general theoretical grounds”. The 
deactivating effect of the carboxyl group results in the unsubstituted ring 
being involved in the reaction, while hydroxyl and chlorine do not preclude 
the benzanthrone cyclization taking place in the substituted ring. 4:9- 
Dichlorobenzanthrone is obtained as the sole product of the benzanthrone 
condensation on 2: 6-dichloroanthraquinone.’ 


Scholl and Seer® attempted to identify the ‘‘ chlorobenzanthrone ” (A), 
m.p. 129-29-5°, obtained by the action of glycerol and sulphuric acid on 
2-chloroanthraquinone in the presence of aniline sulphate.6 They prepared 
9-chlorobenzanthrone (I; m.p. 186-87°) and 10-chlorobenzanthrone (m.p. 
187-88°) respectively from m-chlorophenyl a-naphthyl ketone and p- 
chlorophenyl a-naphthyl ketone. A mixture of 9- and 10-chlorobenza- 
anthrones sintered at 140° and melted at 150°, and they therefore concluded 
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that the product (A) from 2-chloroanthraquinone must be 4- or 5-chloro- 
benzanthrone. On oxidizing compound (A) a §-chloro-anthraquinone-l- 
carboxylic acid (m.p. 297-99°) was obtained, which they considered to 
be 2- or 3-chloroanthraquinone-l-carboxylic acid. 


The mixture of chlorobenzanthrones produced by the action of 
glycerol and sulphuric acid on 2-chloroanthraquinone in the presence of 
copper bronze has now been examined. From this crude mixture a homo- 
geneous chlorobenzanthrone (B), m.p. 194-5-195°, was isolated by fractional 
crystallization from xylene. Chromic acid oxidation of this chlorobenz- 
anthrone in acetic acid gave a f-chloroanthraquinone-l-carboxylic acid, 
m.p. 280-81°. Steam distillation of the xylene mother-liquor gave a yellow 
residue (C) which crystallized in needles from alcohol and melted at 128-30°. 
Oxidation of (C) with chromic acid gave a chloroanthraquinone-1-carboxylic 
acid, m.p. 295-300°. This compound (C) would therefore appear to be 
identical with the chlorobenzanthrone (A) isolated by Scholl and Seer® and 
assumed to be 4- or 5-chlorobenzanthrone. 


The m.p.s of the known chlorobenzanthrones, which can be derived 
from f-chloroanthraquinone, and their corresponding oxidation products 
(8-chloroanthraquinone-l-carboxylic acids) are tabulated below: 





Position of Cl Position of Cl 
in chloro- m.p. in chloroanthra- m.p. 
benzanthrone quinone- 


1-carboxylic acid 





4 194-95°2 2 176-77°? 
204-05°4 

5 Not known 3 286-87°8 (dec.) 
186-87°% 9 6 306-07°° 


10 187-88° 9 7 262-64°° 
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Although the m.p. of compound (B) agrees with that of 4-chloro- 
benzanthrone, the m.p.s of the oxidation products (280-81°; 176-77°) 
do not agree. Both the chlorobenzanthrone (A) and its oxidation product 
do not agree in their m.p.s with any of the known chlorobenzanthrones and 
8-chloroanthraquinone-l-carboxylic acids. The only unknown _ chloro- 
benzanthrone being 5-chlorobenzanthrone, its oxidation product (3-chloro- 
anthraquinone-1l-carboxylic acid) was prepared from 1-amino-3-chloroanthra- 
quinone’® by conversion to 1-cyano-3-chloroanthraquinone and hydrolysis 
of the nitrile. The acid melted at 274-75° (ref. 8 cites m.p. 286-87°). 
With the oxidation product (m.p. 280-81°) of chlorobenzanthrone (B; 
m.p. 194-5-195°), the m.p. of 3-chloroanthraquinone-l-carboxylic acid was 
depressed to 240-50°, indicating that chlorobenzanthrone (B) was not the 
unknown 5-chlorobenzanthrone. The other three $-chlorobenzanthrones 
were therefore prepared for a direct comparison with (A) and (B). 9-Chloro- 
benzanthrone (I) was prepared from 9-aminobenzanthrone obtained by the 
dehalogenation of 3-bromo-9-aminobenzanthrone." 10-Chlorobenzanthrone 
was prepared from p-chlorophenyl a-naphthyl ketone®® and 4-chloro- 
benzanthrone from 4-aminobenzanthrone.* 4-Chlorobenzanthrone, _pre- 
pared by the Sandmeyer reaction on 4-aminobenzanthrone, had m.p. 194— 
95° (Luttringhaus and Neresheimert quote 204-05°). A mixture of 
9-chlorobenzanthrone or 10-chlorobenzanthrone with the chlorobenzanthrone 
(B) gave a depressed m.p.; but with (B) and 4-chlorobenzanthrone the m.p. 
remained unaltered. The benzanthrone condensation on 2-chloroanthra- 
quinone therefore takes place partly in the substituted anthraquinone nucleus ; 
and further, the m.p. cited in the literature? for 2-chloroanthraquinone-1- 
carboxylic acid is erroneous. 


While the most readily isolable product of the condensation of glycerol 
with 2-chloroanthraquinone has now been shown to be 4-chlorobenzanthrone, 
the constitution of (C), m.p. 128-30°, which was probably identical with 
Scholl and Seer’s chlorobenzanthrone (A), remained to be proved. Its low 
m.p. indicated that it was not a homogeneous compound, since it was un- 
likely that a chlorine atom in the f-position of the anthrone residue would 
lower the m.p. (170°) of benzanthrone. When a benzene solution of (C) was 
chromatographed on alumina, no clear separation into bands resulted; 
but when the main yellow band was eluted and the first portion of the yellow 
percolate concentrated, yellow needles, m.p. 185-86°, were obtained. 
There was no depression in m.p. on admixture with 9-chlorobenzanthrone. 
It was therefore obvious that the substance (C) was a mixture of chloro- 
benzanthrones. Other constituents of the mixture were difficult to isolate; 
but a second fraction of the percolate gave yellow needles, m.p. 175-85°, 
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raised to 180-85° by admixture with 10-chlorobenzanthrone, m.p. 187-88°, 
Mixtures of 9-chlorobenzanthrone and 10-chlorobenzanthrone in different 
proportions melted over a wide range, the lowest being 135-40°. Since the 
crude mixture first obtained from the glycerol condensation on 2-chloro- 
anthraquinone analysed correctly for chlorobenzanthrone and melted at 
about 120°, and subsequent crystallization from alcohol raised the m.p. to 
122-30°, it seems probable that Scholl and Seer’s chlorobenzanthrone was 
a mixture of three chlorobenzanthrones: 4-, 9- and 10-. 


EXPERIMENTAL 
Benzanthrone condensation on 2-chloroanthraquinone 


2-Chloroanthraquinone (25 g.) was dissolved in conc. sulphuric acid 
(380 c.c.) and the solution diluted with water (65 c.c.). A mixture of copper 
bronze (13 g.) and glycerol (13 g.) was added under stirring at 135° in 
30 mins. Stirring was continued at the same temperature until all the 
chloroanthraquinone had been converted, as indicated by the absence of 
a red colour when a sample was made alkaline and treated with hydro- 
sulphite (about 30 mins.). The reaction mixture was cooled to 70° and poured 
into warm water (21 g.). The precipitate was collected, washed with hot 
water and dried (27 g.). Extraction with boiling xylene (500 c.c.) and con- 
centration of the filtrate to 150c.c. after treatment with Norit, gave yellow 
needles (9 g.) with a range of m.p. (135-70°). Two crystallizations from 
acetic acid gave shining yellow needles, m.p. 194-5-95° (Found: C, 76:8; 
H, 3-1; Cl, 13-2. C,,H,ClO requires C, 77-2; H, 3-4; Cl, 13-4%). The 
mixed m.p. with authentic 4-chlorobenzanthrone,t m.p. 194-5-95° 
(Luttringhaus and Neresheimer,? m.p. 204-05°; Waldman ef a/.! mp. 
194-5°), prepared from 4-aminobenzanthrone,? was unchanged. 


From the xylene mother-liquor on steam distillation a yellow product 
(15 g.), m.p. 120-25°, was obtained. Crystallization from alcohol (77 c.c.) 
gave yellow needles, m.p. 128-30° (Found: C, 76:8; H, 3-4; Cl, 13-0. 
C,,H,CIO requires C, 77-2; H, 3-4; Cl, 13-4%). This substance (1 g.) 
was dissolved in benzene (20c.c.) and chromatographed on a column of 
alumina. Development was effected with the same solvent, and most of 
the substance formed a homogeneous yellow band. Less than half of the 
eluent from this yellow band, when collected separately and concentrated, 
gave yellow needles, m.p. 185°, unchanged on admixture with 9-chloro- 
benzanthrone (see later). The topmost portion of this yellow band, on 
extraction with alcohol and benzene and subsequent crystallization, gave 
yellow needles, m.p. 175-80°, depressed by admixture with either 4-chloro- 
or 9-chloro-benzanthrone; but with 10-chlorobenzanthrone,® ® m.p. 188- 
89°, the m.p. observed was 180-85°. 
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-Chloroanthraquinone-\-carboxylic acid 


To a boiling solution of 4-chlorobenzanthrone (1 g.) in glacial acetic 
acid (45c.c.) chromic acid (4 g.) was added continuously in the course of 
3 hours. Refluxing was continued for 3 hours and, on cooling, the reaction 
mixture was poured into water (200c.c.). On adding sulphuric acid (2 c.c.), 
boiling for 15 minutes and cooling, a flocculent yellow precipitate separated. 
This was collected, washed with water and dried (0-4g.). The carboxylic 
acid was purified by dissolving in dilute ammonia and precipitating. Two 
crystallizations from dilute acetic acid gave shining light yellow plates, 
softening at 279°, m.p. 280-81° (Literature,? m.p. 176-77°) (Found: C, 
62:7; H, 2-3; Cl, 12-2. C,,H,ClO, requires C,62-8; H, 2-4; Cl, 12-4%). 
9-Chlorobenzanthrone (1) 


9-Aminobenzanthrone! (1 g.) was dissolved in conc. sulphuric acid 
(10 c.c.) and sodium nitrite (0-6 g.) was added to the solution, cooled to 0°, 
in the course of half an hour. The mixture was left in an ice-bath for 10 
hours with shaking from time to time. On pouring into ice-water (200 c.c.) 
the yellow diazonium sulphate, which separated, was filtered and washed 
with a little ice-water. A suspension of this diazonium salt in conc. hydro- 
chloric acid (10c.c.) was added at 35° to a solution of cuprous chloride 
(1 g.) in 12% hydrochloric acid (30c.c.) under stirring. The temperature 


was raised to 60° in the course of 1 hour and maintained at this temperature 
for 1 hour longer. The yellow product that separated was filtered, washed 
successively with water, 2% aqueous sodium hydroxide and water, and dried 
(1:2 g.; m.p. 175-80°). Two crystallizations from dilute acetic acid gave 
yellow needles, m.p. 186-87° (Scholl and Seer® cite m.p. 186-87°). 


3-Chloro-\-cyanoanthraquinone (VIII) 


To a solution of 1l-amino-3-chloroanthraquinone!® (3-6 g.) in conc. 
sulphuric acid (18 c.c.), cooled to 0°, was added a solution of sodium nitrite 
(1-1 g.) in conc. sulphuric acid (11 c.c.). The reaction mixture was kept 
in an ice-bath for 24 hours. On adding to ice (100 g.) the yellow diazonium 
sulphate separated. It was filtered, washed with a little ice-water, and 
treated with ice-water (80 c.c.), cuprous ¢yanide solution (40c.c.), prepared 
from copper sulphate crystals (6-5 g.) and potassium cyanide (7-3 g.). A 
greyish substance separated with frothing. The reaction was continued 
on a boiling water-bath for 3 hours. The reaction product was collected, 
washed with boiling 8% potassium cyanide solution and then with boiling 
water, and dried (2-05 g.). Two crystallizations from benzonitrile gave 
shining grey needles, m.p. 275-76° (Found: N, 5-3; Cl, 13-5. C,,H,CINO, 
requires N, 5-2; Cl, 13-3%). 

A2 
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3-Chloroanthraquinone-\-carboxylic acid (IX) 


3-Chloro-1-cyanoanthraquinone (VIII; 0-6 g.) was dissolved in conc, 
sulphuric acid (6c.c.) and diluted with water (3c.c.). The precipitate re- 
dissolved on warming and, after heating at 190° for 15 mins., the brownish 
product was collected on a sintered glass funnel, washed with dilute sulphuric 
acid and then with water, and dried. The carboxylic acid was purified by 
reprecipitating from ammonia solution and then crystallizing from dilute 
acetic acid, when light yellow needles, m.p. 274-75°, were obtained 
(Found: C, 62:6; H, 2:7; Cl, 12-2. C,;H,ClO, requires C, 62-8; H, 
2°8; Cl, 12-4%). 

SUMMARY 


From the product of the benzanthrone condensation on 2-chloroanthra- 
quinone 4-chlorobenzanthrone, identical with the substance obtained by the 
Sandmeyer reaction on 4-aminobenzanthrone, has been isolated. Chromato- 
graphic analysis of a benzene solution of the residue on alumina gave 
9-chlorobenzanthrone. The residue after separation of 9-chlorobenzan- 
throne contains the 10-isomer. 2-Chloroanthraquinone-l-carboxylic acid, 
prepared by chromic acid oxidation of 4-chlorobenzanthrone, has m.p. 
280-81°, and not 176-77°, as stated in the literature. For comparison 
with the anthraquinone carboxylic acids obtained by oxidation of chloro- 
benzanthrones, 3-chloroanthraquinone-l-carboxylic acid has been pre- 
pared from 1-amino-3-chloroanthraquinone via 3-chloro-1-cyanoanthra- 
quinone. There is no evidence of the formation of the unknown 5-chloro- 
benzanthrone in the product of the benzanthrone condensation on 2-chloro- 
anthraquinone. 
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THE only 5-monosubstituted benzanthrone derivative to which a reference 
can be found in the literature is 5-nitrobenzanthrone, prepared by Boyes, 
Grieve and Rule! by a tedious route. Methyl 8-bromo-3-nitro-1-naphthoate 
was condensed with methyl o-iodobenzoate to form methyl 3-nitro-8- 
(o-carbomethoxyphenyl)-1-naphthoate; cyclization with sulphuric acid gave 
5-nitrobenzanthrone-11-carboxylic acid, which was finally decarboxylated 
to 5-nitrobenzanthrone. Boriani? has mentioned a benzanthrone sulphonic 
acid obtained by sulphonation of benzanthrone and he considered that the 
sulphonic group probably entered the 5-position. The monosulphonation 
of benzanthrone has been studied by Pritchard and Simonsen® and Ioffe and 
Pavlova, who have shown that the main product is the 9-sulphonic acid, 
the 3-sulphonic acid being formed to a very small extent. According to a 
German patent® 5-hydroxybenzanthrone is produced when 2-hydroxyanthra- 
nol, prepared from 2-hydroxyanthraquinone by reduction with zinc dust 
and ammonia, is heated with sulphuric acid and glycerine; the product, 
however, was later shown by Perkin®7 to be 4-hydroxybenzanthrone. Two 
disubstituted benzanthrones in which one substituent is in the 5-position 
have been described. Waldmann et al.8 synthesized 4: 5-dihydroxybenzan- 
throne from 2: 3-dihydroxyanthraquinone (hystazarin); the 5: 6-isomer 
was prepared by the Scholl cyclization of 2: 3-dihydroxy-1-benzoylnaphtha- 
lene and also by the action of glycerol and sulphuric acid on alizarin. 


5-Nitrobenzanthrone (I) has now been synthesized by taking advantage 
of the powerful directing influence of the acetamido group. Nitration of 
4-acetamidobenzanthrone with fuming nitric acid in glacial acetic acid gave 
4-acetamido-5-nitrobenzanthrone (II). Deacetylation of (II) with alco- 
holic sulphuric acid proceeded in quantitative yield, and the constitution of 
the product as 4-amino-5-nitrobenzanthrone was established by reduction 
with methanolic sodium sulphide to a diamine which condensed with 
phenanthraquinone to a quinoxaline. The adjacent orientation of the 
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amino groups was also shown by the ready formation of the corresponding 
phenylimidazole (Il) when the diamine was treated with benzoyl chloride. 
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On diazotizing 4-amino-5-nitrobenzanthrone with sulphuric acid 
and sodium nitrite and refluxing the diazonium sulphate with alcohol, de- 
amination took place to give 5-nitrobenzanthrone (I). Reduction of (1) 
with methanolic sodium sulphide gave 5-aminobenzanthrone from which 
5-chlorobenzanthrone (IV) was prepared by the Sandmeyer reaction. Okxi- 
dation of this chlorobenzanthrone with chromic anhydride in acetic acid 
led to 3-chloroanthraquinone-l-carboxylic acid (V), identical with an 
authentic sample synthesized by an unambiguous route.® Oxidation of 5- 
nitrobenzanthrone gave 3-nitroanthraquinone-J-carboxylic acid. 


EXPERIMENTAL 


4-Acetamido-5-nitrobenzanthrone 


4-Hydroxybenzanthrone was prepared by the action of potassium 
hydroxide and potassium chlorate on benzanthrone in the presence of anthra- 
quinone according to the procedure described by Bradley and Jadhav. 
Ammonolysis of 4-hydroxybenzanthrone according to Perkin and Spencer? 
gave 4-aminobenzanthrone, which was crystallized from chlorobenzene. 
Acetylation of 4-aminobenzanthrone was effected by heating the finely 
powdered substance (20 g.) with acetic anhydride (60c.c.) on a low flame 
‘for 2 mins.; a yellow crystalline compound separated, which was washed 
with ether and dried (22 g.). The m.p. (264-65°) agreed with the m.p. cited 
for the monoacetyl derivative by Perkin.” 
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4-Acetamidobenzanthrone (20g.) was heated on a water-bath with 
glacial acetic acid (1100c.c.) under stirring. A solution of fuming nitric 
acid (d. 1-49; 12c.c.) in glacial acetic acid (30c.c.) was quickly added and 
stirring continued for 20 mins., when yellow needles (18-3 g.) separated. 
This substance was filtered off while the mixture was hot, and washed with 
hot acetic acid. On crystallization from nitrobenzene, 4-acetamido-5-nitro- 
benzanthrone was obtained as yellow needles, m.p. 312° (Found: C, 68-8; 
H. 3:6; N, 8:6. CygH,2N,O, requires C, 68-7; H, 3-6; N, 8-4%). 


4. Amino-5-nitrobenzanthrone 


A solution of 4-acetamido-5-nitrobenzanthrone (15 g.) in conc. sulphuric 
acid (150 c.c.) and 95% alcohol (750 c.c.) was refluxed for 4 hours and diluted 
with water. The precipitate was collected, washed free from acid and dried 
(13 g.). On crystallization from nitrobenzene 4-amino-5-nitrobenzanthrone 
was obtained as golden yellow silky needles, m.p. 347-48° (Found: C, 70:2; 
H, 3-4; N, 9-5. Cy,zHigN2O; requires C, 70:3; H, 3-5; N, 9-7%). 


4: 5-Diaminobenzanthrone 


Finely powdered 4-amino-S-nitrobenzanthrone (5 g.) was refluxed under 
stirring with 10% alcoholic sodium sulphide (110 c.c.) for 6 hours. A deep 
red crystalline mass separated and was filtered, washed with hot water and 
dried (4-2 g.). Two crystallizations from o-dichlorobenzene gave deep red 


shining needles which decomposed without melting at 257-58° (Found: C, 
78-6; H, 4:5; N, 10-7. C,7H,,N,O requires C, 78-4; H, 4-6; N, 10-8%). 
4: 5-Diacetamidobenzanthrone 


To a clear solution of 4: 5-diaminobenzanthrone (0-2 g.) in hot glacial 
acetic acid (7c.c.) acetic anhydride (0-8c.c.) was added and the solu- 
tion refluxed for 30 mins. On cooling minute yellow needles separated 
(0:2 g.). Crystallization from nitrobenzene gave microscopic yellow needles, 
m.p. 332-33° (dec.) (Found: C, 73:8; H, 4:6; N, 8-7. (C.,H,.N,O, 
requires C, 73-3; H, 4-6; N, 8°3%). 

Condensation of 4: 5-diaminobenzanthrone with phenanthraquinone 


A solution of 4: 5-diaminobenzanthrone (2:5 g.) and phenanthraquinone 
(2 g.) in alcohol (350 c.c.) was refluxed for 30 mins. The quinoxaline (3-8 g.) 
crystallized from nitrobenzene in yellow needles, m.p. 403-4° (Found: C, 
85:9; H, 3-7; N, 6°5. Cs3,H,gN,O requires C, 86-1; H, 3-7; N, 6-5%). 
Conversion of 4: 5-diaminobenzanthrone into imidazole (III) 


Method (a).—The diamine (0-2 g.) was. refluxed with benzoyl chloride 
(3¢.c.) for 15 minutes. A change in colour from red to yellow occurred. 
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The mixture was cooled, dropped into crushed ice and kept overnight. The 
yellow precipitate was filtered, washed with dilute ammonia, and dried 
(0-26 g.). Crystallization from nitrobenzene (30c.c.) gave golden yellow 
needles, m.p. 417° (Found: C, 82:7; H, 4-5; N,8-°5. C.aH,,4N,O requires 
C, 83-2; H, 4-1; N, 8-1%). 


Method (b).—The diamine (0-2 g.) was dissolved in dry distilled di- 
methylaniline (4 c.c.) at the boil and the solution was cooled to about 80°. 
Benzoyl chloride (0-3 c.c.) was added, when a golden yellow crystalline preci- 
pitate separated immediately. On cooling, ether (40c.c.) was added and 
the precipitate filtered, washed with ether and dried (0-25 g.). Crystalliza- 
tion from nitrobenzene gave golden yellow needles, m.p. 417°, identical with 
the substance obtained by method (a). 


5-Nitrobenzanthrone 


4-Amino-5-nitrobenzanthrone (10 g.) was dissolved in conc. sulphuric 
acid (200 c.c.) and cooled in ice and salt. Sodium nitrite (4 g.) was gradually 
added under vigorous stirring during one hour. Crushed ice (350 g.) was 
added from time to time, so that the temperature was not allowed to rise 
above 20°. After stirring for one hour longer the reaction mixture was 
poured into 95% alcohol (400c.c.). Vigorous evolution of nitrogen took 
place and the colour changed from bluish violet to yellowish brown. On 
refluxing for 2 hours and cooling, the precipitate was collected, washed free 


from acid and dried (8 g.). Crystallization from 500 parts of glacial acetic 
acid or 50 parts of acetic anhydride or 10 parts of nitrobenzene gave light 
brown needles, m.p. 281° (Boyes, et al/., cite m.p. 287°) (Found: C, 74-4; 
H, 3-4; N, 5:2. C,,HgNO; requires C, 74:2; H, 3-5; N, 5-1%). 


3-Nitroanthraquinone-\-carboxylic acid 


To a boiling suspension of 5-nitrobenzanthrone (1 g.) in acetic acid 
(40 c.c.), chromium trioxide (2-5 g.) in 50% acetic acid (10c.c.) was added 
during 3 hours. Refluxing was further continued for 3 hours. The mixture 
was then poured into water (200 c.c.) and left overnight. The precipitate was 
filtered, washed, dissolved in hot dilute ammonia, and filtered. The ammo- 
niacal solution was acidified with hydrochloric acid, and the precipitate 
collected, washed and dried (0-36g.). Crystallization from acetic acid 
gave pale pink plates, m.p. 270° (Found: C, 60-7; H, 2-5; N, 4-9. 
C,,H,NO, requires C, 60-6; H, 2:7; N, 4-7%). 


5-Aminobenzanthrone 


5-Nitrobenzanthrone (5 g.) was suspended in methanol (200c.c.) and 
treated with fused sodium sulphide (10 g.) in water (10c.c.). After stirring 
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under reflux for 6 hours, methanol was distilled off, the bright red residue 
washed with water and dried (4g.). On crystallization from chlorobenzene 
bright red shining needles were obtained, m.p. 235° (Found: C, 83-5; H, 
4-6; N, 6:0. C,,H,,NO requires C, 83-2; H, 4:8; N, 5-7%). 


5-Acetamidobenzanthrone 


5-Aminobenzanthrone (0-2 g.) was dissolved in boiling glacial acetic 
acid (7c.c.). The clear solution was cooled to 90° and acetic anhydride 
(0-5c.c.) added, when a yellow crystalline precipitate immediately sepa- 
rated. The mixture was heated on a boiling water-bath for ten minutes 
and the product filtered and dried (0-22 g.). Crystallization from nitro- 
benzene gave yellow needles, mi.p. 313° (Found: N, 5-1; C,,H,,NO, re- 
quires N, 4-9%). 


5-Benzamidobenzanthrone 


5-Aminobenzanthrone (0:2g.) was refluxed with benzoyl chloride 
(2c.c.) for 15 minutes and the mixture was dropped with stirring into 
crushed ice. The precipitate was collected, washed with ammonia and 
dried (0-26g.). Crystallization from chlorobenzene gave small yellow 
needles, m.p. 266° (Found: N, 4:2. C,,H,;NO, requires N, 4-0%). 


5-Chlorobenzanthrone 


A solution of 5-aminobenzanthrone (1-5 g.) in conc. sulphuric acid 
(6c.c.) was added gradually to a stirred solution of sodium nitrite (0-7 g.) 
in conc. sulphuric acid (5c.c.) during half an hour, the temperature being 
kept below 10°. After one hour the mixture was poured over crushed ice. 
The yellow precipitate was collected, washed with a little water, and made 
into ¢ paste with conc. hydrochloric acid (10 c.c.) and added to a well-stirred 
solution of freshly prepared cuprous chloride (1-5 g.) in 18% hydrochloric 
acid (25c.c.). The mixture was stirred at room temperature till the evolu- 
tion of nitrogen ceased (2 hours). The yellow precipitate was collected, 
washed free from acid, and purified by dissolving in boiling glacial acetic 
acid (30 c.c.), filtering and adding a few drops of water. Clusters of micro- 
scopic needles separated, m.p. 198-99°. Crystallization from benzene gave 
shining yellow needles, m.p. 205-6° (Found C, 77-6; H, 3-4; Cl, 13-1. 
C,;H,CIO requires C, 77-2; H, 3-4; Cl, 13-4%). 


3-C} loroanthraquinone-\-carboxylic acid 


A solution of 5-chlorobenzanthrone (0-5 g.) in boiling acetic acid (10 c.c.) 
was slowly treated during 3 hours with a solution of chromium trioxide 
(1-2 g.) in 50% acetic acid (3 c.c.). After refluxing for 3 hours and pouring 
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into water (100 c.c.), the precipitate was collected, washed, dissolved in dilute 
aqueous ammonia and reprecipitated with acid. The light yellow crystalline 
mass (0-23 g.) crystallized from dilute acetic acid in light yellow needles, 
m.p. 274°, unchanged on admixture with an authentic sample of 3-chloro- 
anthraquinone-l-carboxylic acid prepared from  1-amino-3-chloroanthra- 
quinone. 

SUMMARY 


5-Nitrobenzanthrone has been synthesized by nitration of 4-acetamido- 
benzanthrone, hydrolysis to 4-amino-5-nitrobenzanthrone and subsequent 
deamination. The adjacent orientation of the amino and nitro groups was 
shown by reduction to a diamine, which formed a quinoxaline with phen- 
anthraquinone and an imidazole with benzoyl chloride. Reduction of 5- 
nitrobenzanthrone gave 5-aminobenzanthrone which was converted to 
5-chlorobenzanthrone. Oxidation of 5-chlorobenzanthrone gave 3-chloro- 
anthraquinone-l-carboxylic acid, identical with the acid prepared from 
l-amino-3-chloroanthraquinone. 
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INTRODUCTION 


THE theory of a focussing device for electrons using the inverse first power 
radial electrostatic field within a cylindrical condenser was developed by 
Hughes and Rojansky (1929), who showed that a narrow diverging beam 
from a point source is refocussed at a point with angular separation of 127° 
from the source. A beta-ray spectrometer based on the principle was used 
by Backus (1945) and later in a modified form, using the second focus at 
256°, by Thosar (1949). The latter also discussed the use of the inverse second 
power radial field between two concentric hemispherical shells and suggested 
a possible design for a beta-ray spectrometer of high luminosity, based on 
this principle, the theory of which was given earlier by Purcell (1938). 
Browne et al. (1951) have recently used a spherical electrostatic analyzer 
for measurement of nuclear reaction energies. 


While the cylindrical condenser type of spectrometer is essentially a 
two-dimensional device, the spherical condenser type is a three-dimensional 
one and is, therefore, capable of giving very much larger transmission. 
A spectrometer using a spherical condenser has been constructed in this 
laboratory for work in the lower range of electron energies and this paper 
describes the instrument and its performance as tested by artificially accele- 
rated electron beams. 


THEORY OF THE INSTRUMENT 


Considering two concentric spherical shells of radii r, and r, respectively, 
differing in potential by P, the radial field at any point within the electrode 
space given by radius vestor r, is X, where 


nts | 1 
Fo — Fy r= 


X =P- 


Following a line of treatment similar to that of Hughes and Rojansky for 
the cylindrical condenser, the following results can be readily obtained for 
this type of inverse, second power, radial field. 
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(a) An electron starting from a point on the medium sphere of mean 
radius ry and projected into the field perpendicular to the lines of force, will 
continue to move along the circular orbit of radius ry when its energy E in 
electron volts and potential difference P in volts on the electrodes satisfy 
the following relation. 


E=k-P 


;. i> 


where the instrumental constant k = at i 
2rg (2 — Fy) 


This is true of any central section of the electrodes and means that electrons 
of the right energy from a point source situated midway between the elec- 
trodes will travel along circular orbits over the medium sphere and will 
all meet at the opposite end of the diameter, the point of focus. 


(b) It can be shown that in any given central section, the twin orbits of 
electrons of the right energy but making the small angle of divergence + a 
with the median circular orbit will also be refocussed, to a first approxima- 
tion, at the focal point i.e., at the pole opposite to the source. Actually 
there is a second order aberration of the focal position for these divergent 
orbits, where the departure from perfect focussing is 2a?ry. 


(c) The resolving power is obtained by calculating the spread of energy 
dE of the electrons that will be admitted through the width of this focal 
qs, 
—E =. 

In obtaining the above results, the relativity change of mass with velocity 
is neglected. 


aberration, i.e., 2rga”. This gives the resolving power 


(d) The transmission of the instrument will be determined by the 
angle of divergence 2a, over which, in any central section, the electron beam 
is admitted through the slit system and the angle #, giving the useful section 
of the sphere. In practice, it is not possible to use the complete hemisphere 
for collection of particles and some 25° section at each edge has to be left 
out, to reduce distortion due to the edges. Also the angle of divergence a 
has to be small, to keep the focal aberration at a small value. 


CONSTRUCTION OF THE INSTRUMENT 


Fig. 1 is a vertical section of the vacuum chamber with electrodes 
in position. The cylindrical vessel T is made of brass, }” thick, and has 
internal diameter 15” and height 11”. The upper lid, made convex for better 
mechanical strength, is removable and fits into the main chamber by means 
of a rubber gasket. An ionization gauze head can be inserted through an 
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Fic. 1. Vertical Section of the Spectrometer 


opening at the top of the lid, for measurement of pressure. Evacuation 
is by means of a forepump and a three-stage oil diffusion pump. The exit 
tube leading to the top of the diffusion pump is fitted at the centre of the 
bottom plate of the chamber. Pressures of the order of 10-° mm. are obtained 
and this is adequate as the length of orbit from source to focus is about 19”. 
De-humidification and good vacuum conditions are, however, a special need 
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for this device as high voltages over narrow clearances have to be main- 
tained and spurious electrical discharges must be prevented. 


The electrodes E,, E, are two hemi-spherical shells, made out of brass, 
1/32” thick. The inner radius of the outer sphere is 6 + 7/16” and that of 
the outer surface of the inner sphere is 5 + 9/16”. The mean electrode dis- 
tance is }”, which is estimated to be true to within 1/16”. Care was taken 
to have those surfaces well polished and free from sharp points to prevent 
electrical discharge at high voltages. The base P, on which the two electrodes 
are mounted consists of six perspex blocks, 2” thick, equally spaced and 
cemented onto a perspex ring, which just fits inside the vacuum chamber 
and rests on the bottom plate. Concentricity of the two spheres is ensured, 
in the first place, by two accurately spaced circular grooves on the blocks 
into which the electrodes fit. Also the three slits B,, B, and Bs, made out 
of perspex were so machined that their outer surfaces, in contact with the 
electrodes have the required curved shape to give a close fit between the 
electrodes. These perspex baffles, therefore, also serve as spacers between 
the electrodes. The central slit B, is midway between source and the focus, 
and is in the plane of symmetry. The two slits B, and B; unlike B, are at 
an angular distance of 15° from the source and the focus respectively. 
Considerable care had to be taken in the designing and making of these 
two slits as each of them occupies the electrode space in three dimensions, 
in an asymmetrical position. The widths of the slits was arranged, for 
experiments later described, to be such that the semi-angle of divergence a 
of the electron beam admitted into any central section of the electrode space 
was 3°36’. The aperture in each slit extends over 130° in the middle, 
which defines the section of the spherical electrode space actually used for 
focussing, 25° on either side near the edges of the electrodes being left out 
to prevent distortion due to edge effects. Two alkathene rods fitted into 
the bottom plate of the vacuum chamber, carry the leads, which supply high 
voltage to the two electrodes. These leads, not shown in Fig. 1 may, how- 
ever, be easily seen in the photographic reproduction of the instrument. 


For the purpose of testing the performance of the instrument with 
beams of accelerated electrons to known variable energies, a simple design 
of an electron-gun was used. As the detecting device used was a G.M. 
Counter which is very much more sensitive compared to any device measuring 
electron-current, good collimation of the beam was aimed at, at the 
expense of intensity of the beam. A glass-tube with a tungstan filament 
sealed into it at the lower end was fixed to the bottom-plate of the tank such 
that the position of the source within the electrodes was vertically above a 

















An Electro-static Beta-ray Spectrometer, using a Spherical Condenser 371 


sharp point on the filament. A vertical brass-tube, passing through a hole 
in the bottom-plate, projected into the glass-tube and its end directly facing 
the filament was covered with a fine wire-mesh. The other end of the tube 
was covered with a circular disc, with a central aperture of diameter 3/16” 
and projected just inside the electrode space, occupying the position of the 
source. The electrones were accelerated by applying measured negative 
potential to the filament, the brass tube opposite being connected to the 
vacuum tank and, therefore, earthed. It was found that no heating of the 
filament was needed, quite high counting rates being attainable at room 
temperature, mainly due to field emission from the point on the filament. 


Voltage supply to the electrodes is drawn from a voltage doubler cir- 
cuit, using a 50k.v. X-Ray transformer and two K.R. 3 rectifier tubes 
mounted on highly insulated secondary terminals of two filament trans- 
formers. There is a 50 Meg ohm resistance chain across the output as 
delivered by the smoothing condensers and a sensitive milliammeter, reading 
1-2 m.a. at full scale, in series with this chain, reads the voltage developed. 
The voltage is varied by means of a variac auto-transformer, controlling 
the input to the H.T. transformer and this can be done in steps of 600 volts 
as read by the meter. A well insulated sensitive micro-ammeter and a 20 
Meg ohm resistance is included in each of the two leads supplying the out- 
put voltage + V/2 to the electrodes. Any leakage current in these meters 
is an indication of poor vacuum or other faults of insulation, while short- 
lived flicks in any of the meters serve to indicate spurious electrical discharges 
within the chamber. It is necessary to ensure that during any run of an 
experiment with this apparatus, there is a steadily negligible current in each 
of these micro-ammeters. 


In theory, it is only the potential difference between the electrodes that 
determines the energy of the electrons focussed, but, in practice, it is an 
advantage to have the two electrodes above and below ground in potential 
by equal amounts. This makes the source and the counter, midway between 
the two electrodes, to be at ground potential, which is convenient. Also 
the difficulties of insulation are comparatively reduced in this arrangement. 


A conventional H.T. supply with one rectifier tube and a smoothing 
condenser was used to give negative potential to the electron gun filament. 
The arrangement for measurement of voltage was similar to the one des- 
cribed above. 


The end window counter C is a brass tube 2” long and 3” diameter 
with a mica window of 1 mg./cm?* thickness and a closely perforated brass 
disc on top as a support; 6 to 7cm. pressure of argon and alcohol filling 











372 M. C. JosHi AND B. V. THOSAR 


mixture was used. As can be seen from Fig. 1, the counter can be evacuated 
first through the main vacuum chamber by turning the three-way tap below 
the tube supporting the counter. It can then be turned so as to connect 


the counter to the filling system. The difference of pressure on the two sides 
of the counter need not, therefore, exceed 7 cm. 


PERFORMANCE OF THE INSTRUMENT 


(1) The instrument was tested for its focussing properties in the range 
of electron energies 20 to 40 KeV. A known negative potential E was applied 
to the gun filament and the voltage + V/2 on the two electrodes was slowly 
increased, keeping the counting rate under observation. The electrode 
voltage for which the counting rate is at a maximum was carefully noted. 
About six values of different electron energies were used and a plot was 
made of electron energy E in KeV against the electrode potential V in K. 
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line and that it passes through the origin, as required by the theory. The 
instrument constant K in the relation E —K.V., comes out to be 4°37. 


(2) To obtain a measure of the resolving power of the device, for the 
particular slit system used, a slight modification in the resistance chain and 
meter across the high voltage applied to the electrodes was made so that 
the electrode volts could be varied and read more accurately in smaller steps. 
The plot of the counting rate against electrode volts for the gun voltage of 
26:5 K.V. is reproduced in Fig. 3. To obtain the spread dE of energy 
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when electrons of energy E are being focussed, the width of the peak half- 
way between the base and the maximum has to be measured. It is seen 
that the two wings of the curve show a little asymmetry, the low energy side 
showing the effect of straggling of electron energies. This must be due to 
the scattering of the particles at the electrode walls. This effect will not 
be shown on the high energy wing of the peak, which is steeper. Obtaining 
the value of dE from the steeper side of the maximum alone, the resolving 
power dE/E comes out to be 1-66%, while the use of the overall width gives 
the value at about 3%. Also, the theory as worked out for a point source 


is not strictly applicable as the electrons issue out of a circular aperture of 
diameter. 3/16”. 


(3) The luminosity is determined by the solid angle over which the beam 
of electrons is admitted into the focussing space between the spheres. The 
angle of divergence of the beam in any central section of the spheres is, as 
already mentioned, 2 x 3° 36’ while the useful section of the sphere used is 
130°. This gives the solid angle of acceptance as 1/44 of a sphere 
or 2:4%. 

DISCUSSION 


The instrument as described above is capable of further improvements 
in many respects. First, the electrodes should be spun metal spheres giving 
much greater mechanical accuracy as regards the spacing between them. 
Also to reduce the effect of scattering from these surfaces, they should prefer- 
ably be of aluminium. The performance of the spectrometer can be 
improved by a more accurate voltage supply and voltage measuring device. 
The main characteristic of the instrument is large luminosity for a given 
resolving power so that comparatively weak sources may be studied. The 
upper limit to the electron energy that can be studied is set by the high 
voltage that can be steadily maintained on the electrodes, without spurious 
discharges taking place. Also there is the effect of defocussing due to 
relativity change of mass at higher energies, which has been referred to by 
Purcell (1938). At very low energies, the effect of the earth’s magnetic 
field on the orbits may have to be taken into account. 


SUMMARY 


An electrostatic beta-ray spectrometer using a spherical condenser has 
been constructed for study of weak sources, and its performance has been 
tested with accelerated electron beams. The device, which is intended for 
low energy range of electrons, has, for the slit system employed, the resolv- 
ing power of 1-6% with transmission 1/44 of a sphere which compares 
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favourably with that in other types of spectrometer. The electron energy 
E (in KeV) focussed is 4-37 times the voltage V. in K.V. on the electrodes. 


The authors wish to express their grateful thanks to Dr. H. J. Bhabha 
for encouragement and advice. 


REFERENCES 
Hughes and Rojansky .. Phys. Rev., 1929, 34, 284. 
E. M. Purcell .. Ibid., 1938, 54, 818. 
Backus .. Ibid., 1945, 68, 59, 
B. V. Thosar .. Thesis, Birmingham, 1949. 


Ce .. Proc. Phys. Soc., 1949, 62 A, 739. 
Browne, Craig and Williamson Tev, Sci. Inst., 1951, 22, 952. 
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1. INTRODUCTION 


TuIs paper describes the determination of the “‘ uncorrected’ ages of two 
phlogopite specimens belonging to the Archean area by the ‘* Rubidium- 
Strontium” method. The procedure adopted is similar to the one employed 
by Ahrens and co-workers (1946, 1949). The salient features of the method 


will be dealt with in brief. 
The method depends on the natural B-decay of rubidium 


Rb* —> Sr? + e 


The amount of radiogenic strontium accumulated during a geological time 
t, is given by 
Nor = Nep [1 —_ et] x= Nap At 
Nx, = Initial concentration of Rb*? 


since the decay constant A is so small, At < 1 over the geological times consi- 


dered, and the approximation holds; for the same reason, the decay of the 
parent is negligible. 


Now, Rb*? forms 27% of the total Rb content (mass spectroscopic 
measurements), while the uncorrected ages are computed on the basis that 
the total measured strontium is radiogenic. The value obtained thereby 
provides an upper limit for the age. 


For the uncorrected ages to be reliable, the radiogenic isotope Sr®’ 


should predominate over the magmatic Sr8?. This fortunately happens to 
be the case in many minerals formed in the pegmatitic-pneumatolytic stage 
of crystallization. The tendency of Rb*+ to follow K+ in potassium minerals 
and of Sr** to follow Ca*+ in calcium minerals cause a shift in association 
of Rb and Sr. Thus a progressive enrichment of Rb and impoverishment 
of Sr take place in hydrothermal potash minerals, especially the micas crystal- 
lizing out of pegmatites in the later stages. 
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Lepidolite is the most useful mineral. It contains the highest con- 
centration of Rb, while mass-spectroscopic data show the concentration of 
Sré? to be greater than 99%. Available data in the literature on phlogopite 
(Ahrens, 1950) indicate that a fair amount of Rb is present, and that the 
concentration of magmatic Sr is low. Of the two specimens of phlogopite 
investigated here, one is from Vizag District and the other from Travancore. 


2. SPECTROCHEMICAL DETERMINATION OF RUBIDIUM 


The carbon arc with anode excitation was employed as the source. 
A Hilger E 1 spectrograph with glass train having a dispersion of 4 A.U./mm. 
in the 4000-4200 A.U. region was used to photograph the spectrum. The 
addition-plot method with a suitable internal standard was employed. The 
use of an internal standard and the factors governing its choice have been 
discussed in several publications (Ahrens, 1950 and Nachtrieb, 1950). In 
the addition-plot method the unknown itself is used as the base material and 
standards are prepared by adding known amounts of a compound of the 
element to be sought. The intensity ratio of the analysis pair (for the chosen 
internal standard) is plotted as a function of the percentage of element added. 
Then if I, and I, denote the intensities and Cg and C, the concentrations of 
the analysis and internal standard elements, 





Log ° = Log x a Log Gens 

K, and K, are constants and mq and n, the emission factors. 
Now, C, =constant and Cg =(Cgp + Cg’); 

in the absence of self-absorption ng =n, = | 

Cao initial and C’, added concentrations. 


“a = K (Cg, + Ca); K = constant. 
“S$ 


A plot of Ig/Is; versus Cg should be linear and should yield Cg, on 
extrapolation back to the abscissa. 


, The addition method avoids the use of purely external standards. It is 
based on the assumption that self-absorption is absent and errors due to 
! compositional difference are negligible. These factors have to be verified 
in all cases. 
3. DETERMINATION OF RB 


The procedure adopted by Ahrens for lepidolite (Ahrens and Gorfinkle, 
1951) is followed. The phlogopite is incorporated in an albite matrix. 
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First, the amount of rubidium in albite was found to be very small (just at 
the limit of detection) and was neglected. Next, the potassium content of 
the albite was determined using the addition-plot method. RbC1 was 
added as the internal standard. The analysis pair was K — 4047: Rb — 4202, 
In this way, by drawing the linear plot, the K-content of the albite was found 
to be 0-6%. The primary standard is now prepared by dilution —10¥ 
RbCl + 90% Albite. Next, the phlogopite powder was diluted with 7 
parts of albite. Finally, standards containing 0-1%, 0-25%, 0-5% and 1%, 
RbCl were prepared by the addition of the albite diluted RbCl standard to 
the albite diluted phlogopite. In such a case, the net concentration of K,0 
in the mixture is of the order of 1-8%. 


’ 


** Specpure”’ carbon electrodes were used. The electrodes were tested 
for purity by arcing after moistening by pure hydrochloric acid (Webb, 1937) 
and found to contain only traces of Ca and Ti impurities. (This was tested 
by finding the faint raies ultimes in the Hilger medium ultraviolet instru- 
ment.) D.C. arc excitation at 3 amps. was employed. The period of arcing 
was 24 minutes, and a sector was employed transmitting half the intensity. 
Ilford Selochrome plates were used. 


For calibration of the plates in the ragion 4100 A.U. the rotating 
stepped sector method was initially employed. However, after testing for 
the absence of self-absorption for the K-lines, K 4044 and 4047 A.U., 
internal calibration was employed. The theoretical ratio (I 4044/I 4047), 
(=2-0) (obtained by the Lande rule for the doublet) was checked up and 
the plate curves were drawn by making use of this intensity relation. 


Interference due to the cyanogen band with bandhead at 4216 A.U. 
was absent because of the high concentration of the alkali metal (Na—in 
Albite) during the whole period of arcing at low amperage. 


As is well known, the analysis pair —K 4047—Rb 4202 is an ideal one. 
This is mainly because of the similarity in the volatilization rates of the alkali 
metals Rb and K, and the proximity of the excitation potentials (3-05 V for 
K—4044—4047 and 2-94 V for Rb 4202). The linear plot was very good 
and the line of best fit for the addition points passed through the point for 


the test specimen (i.e., zero added percentage), thus revealing the absence 
of compositional errors. 


To verify the absence of self-absorption the ratio Rb 4202/K 4047 was 
measured for larger dilutions with albite (9 times and 11 times) and the in- 
tensity ratio found to remain unchanged. (The rotating sector was em- 
ployed for plate calibration in this experiment.) 


The standard deviation was found to be equal to + 3%. 
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4. DETERMINATION OF STRONTIUM 


The most sensitive line of strontium is, of course, the atom line Sr 4607; 
but the fairly rapid variation of plate gamma with wavelength in this range 
is one difficulty for quantitative measurements. It is also impossible to 
use Sr 4215 because of interference with Rb 4215 and the cyanogen band- 
head. Hence the choice falls on Sr 4077. 


Formerly, the main difficulty attending the use of this line was cyano- 
gen band interference. This is because in the silicate specimen, the Sr-line 
is emitted with peak intensity not during the initial period of arcing, but 
during the later period when the alkalies have boiled off and cyanogen 
emission is most intense. The problem was solved by Ahrens, who con- 
verted the silicates into the low-boiling point fluorides. In this case CN- 
emission is quenched during the whole period of arcing and Sr 4077 can 
be used. 


Ahrens has made use of the intensity ratio Sr 4077: Rb 4202 for deter- 
mining the Sr to Rb ratio, the latter line being effectively used as the internal 
standard. The same choice has been made in the present experiment. The 
choice is not quite good as Sr is an ion line, and the total excitation 
potentials differ considerably. However, the errors are not too great, 
possibly because the conversion to fluorides has reduced selective volatiliza- 
tion, and compositional differences were considerably reduced by the use 
of the addition-plot method, and the lines were comparable in intensity. 


A primary SrCl, standard of 1% with phlogopite powder itself was 
prepared and by successive dilution, standards 0-05, 0-01, 0-005% SrCl, 
were obtained. All the standards were converted into fluorides and arced 
at 3-5 amps. (A second method of preparation of standards was also used 
involving addition of small volumes of dilute solutions before the hydro- 
fluoric acid attack, and the results were very satisfactory.) An addition 
plot was made for % Sr added versus the intensity ratio of the analysis pair 
and the amount of total Sr was determined. 


The standard deviation is rather high, + 12%. 


5. CALCULATION OF THE AGE 


The most recent counter-measurements (Curran, 1951; Lewis, 1952; 
and MacGregor and Wiedenbeck, 1952) have not only established that the 
Rb-—»Sr radioactive process is one of simple f-decay, but also have given 
quite convergent values for the half life. The mean value of the half life 
of rubidium is taken as 6-1 x 10° years. The geological age has been 
calculated as indicated below. 
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TABLE I 





Specimen (% Total Rb) (% Total Sr.) Age (10° years) 








Phlogopite—Vizag (3-5 +0-1)x10% (1-6 +0-2) x10 [1490 + 200} 


Phiogopite— 
Travancore (2+0-1)x107% (1-0 +0-15)x10°% [1630 + 200) 





As Ahrens has remarked, better reproducibility could be obtained by 
the use of barium as the internal standard. 


I thank Prof. R. S. Krishnan for suggesting the problem and for his 
guidance and the Council of Scientific and Industrial Research for financial 
assistance. 

SUMMARY 


The geological ages of two Phlogopite Specimens have been determined 
by the Rubidium-Strontium method. The “ addition-plot” is utilized with 
proper choice of internal standards. 
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SYNTHETIC EXPERIMENTS IN THE 
BENZOPYRONE SERIES 


Part XXXIX. A Note on the Synthesis of Isogenistein and 8-Methyl Isogenistein 


By A. C. Menta, T. R. SESHADRI, F.A.Sc. 
AND S. VARADARAJAN 
(From the Department of Chemistry, Delhi University) 


Received September 14, 1953 


IN an earlier paper on the Synthesis of Isogenistein, Seshadri and Varada- 
rajan' observed that the condensation of 2-hydroxy-4: 6: 2’-trimethoxy 
phenyl benzyl ketone (I 5) with ethyl formate gave rise to a product having 
a melting point of 180-81°. The analytical results agreed with the mole- 
cular formula C,,H,,O, and there was no loss on drying in vacuo at 110° 
for 6 hours. Since it did not give a green or blue colour with nitric acid 
(a reaction considered to be characteristic of isoflavanone derivatives), it 
was reported to be a hydrate of 5:7: 2'-trimethoxy isoflavone, the molecule 





R’ 4 
| oO 
ow i. — “T 1 0 ie OR 
Y/ \co% a \ /NZ 
OR bn 
(I) (II) 
(2) R=R’=H (a) R=CH,; R’=H 
(3) R=CH,; R’=H (3) R=R’CH, 
() R=H; R’=CH; 


(¢@) R=R =CH, 


of water being unusuallly strongly held. Prof. W. Baker in a private com- 
munication, however, suggested that this compound may be 2-hydroxy- 
5:7: 2'-trimethoxy isoflavanone (IIa), since 5:7: 2'-trimethoxy-isoflavone 
(III a) obtained by him by the exthoxalyl chloride method? had a melting 
point 138-39°. Later Karmarkar et al.* reported that by the ethyl formate 
sodium method itself they obtained the above trimethoxy isoflavone (III a) 
melting at 138°. The condensation has now therefore been repeated a 
number of times; the product has invariably been found to melt at 180-81°. 
The same compound is also obtained by using methyl-formate in the place 
of ethyl formate. Whalley* has also reported a higher melting compound, 
m.p. 196° (decomp.), using methyl formate for the condensation. Since 
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Narasimhachari et al.5 have found that with methyl formate 2-hydroxy 
isoflavanones are generally formed, it should be concluded that in this parti- 
cular case ethyl formate has also behaved similarly and yielded 2-hydroxy- 
5: 7: 2’-trimethoxy-isoflavanone (II a). Dehydration of (II a) could be effected 
by using sodium acetate and acetic anhydride and also by 16% alcoholic 
sulphuric acid.’ The dehydrated product is found to melt at 140-41° and the 
analytical values agree with the requirements of the anhydrous trimethoxy 
isoflavone (III a), C,gH,gO;. When the above 2-hydroxy isoflavanone (II a) 
was boiled with animal charcoal in alcoholic solution, the dehydration was 
only partial; the resulting mixture could however be easily separated by 
fractional crystallisation. Whalley* has carried out the dehydration of (II a) 
using hot acetic acid and has reported 140° as the melting point of the 
dehydrated product. 


Seshadri and Varadarajan! carried out the demethylation of 2-hydroxy- 
5: 7: 2’-trimethoxy isoflavanone (II a) using aluminium chloride in benzene 
and also hydriodic acid in acetic anhydride and reported that the isogenistein 
obtained thereby melted [at 222-23° with sintering at 183°. Baker 
et al.* in their earlier note recorded 187° as the melting point for the Iso- 
genistein (III 5). Subsequently Karmarkar et al.* who used aluminium 
bromide in benzene for the demethylation of (IIJ a) gave the same melting 
point (187°) for (IIIb). We have now demethylated our new sample of 
trimethoxy isoflavone (III a) (melting point 140-41°) using anhydrous alu- 
minium chloride in benzene. After the first crystallisation from dilute 
alcohol the product melts at 187° but further crystallisation yields a sample 
which sinters at 183° and melts at 222-23°. More recently Baker et al.® 
have suggested that the isoflavone (III 5) is dimorphic corresponding to the 
two melting points. 


we Nr 
co 
(III) 
(2) R=CH;; R’=H 
(4) R=R’=H 
(c) R=R=CHg3 
(@) R=H; R’=CH, 


In connection with the above work another difference in the findings of 
different workers may be mentioned. Samples of 2: 4: 6-trihydroxy-2’- 
methoxy phenyl benzyl ketone (Ia) obtained by Seshadri and Varadarajan’ 
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and by Whalley* are monohydrates whereas Baker et al.6 and Karmarkar 
et al.? have obtained it in the anhydrous form. 


Investigations similar to above have now been made on the condensa- 
tion of ethyl formate with 2-hydroxy-3-methyl-4: 6: 2’-trimethoxy phenyl 
bnzyl ketone (Id), reported earlier. The product has been found definitely 
to be 2-hydroxy-5: 7: 2’-trimethoxy-8-methyl isoflavanone (IIb); it under- 
goes dehydration when boiled with sodium acetate and acetic anhydride 
yielding 5:7: 2’-trimethoxy 8-methyl isoflavone (IIIc). Whalley‘ has also 
reported similar results. However, Karmarkar et al.* under the same condi- 
tions have obtained 5: 7: 2’-trimethoxy-8-methyl isoflavone (III c) directly. 


In the present work the above ketone (I d) has been made from C-methyl 
phloroglucinol® and ortho methoxy benzyl’ cyanide! and subsequent partial 
methylation of the trihydroxy ketone intermediate. Its condensation with 
methyl formate gave the same 2-hydroxy-isoflavanone (IIb) as obtained 
from ethyl formate.? (II 5b) was dehydrated using sodium acetate and acetic 
anhydride and the dehydrated product (III c) was demethylated to 8-methyl 
isogenistein (III d) using anhydrous aluminium chloride in benzene following 
the method of Seshadri and Varadarajan.? However, Whalley® has re- 
ported that the demethylation of 8-methyl isogenistein trimethyl ether (III c) 
using aluminium chloride and benzene produces a mixture of 6 and 8-methyl 
isogenistein. But the exact conditions under which the change was brought 
about are not yet available. It has been conclusively established in several 
cases that anhydrous aluminium chloride in benzene does not cause any 
isomerisation of pyrone derivatives during demethylation (see Mukerji 
et al.1°; Seshadri and Varadarajan"). In the present work also a single 
product was obtained and no isomeric change has been detected. 


A careful research of the past literature has revealed that in the synthesis 
of a few complex isoflavones using sodium and ethyl formate the corres- 
ponding 2-hydroxy isoflavanones have been met with as intermediate stages. 
Wolfrom et al.1* using osajetin and tetrahydro osajetin dimethyl ether and 
Harper!® using derritol and“elliptol methyl ethers have recorded this observa- 
tion. However, the synthesis of isogenistein and 8-methyl isogenistein are 
the first two instances of the simple type of isoflavones wherein the exclusive 
formation of stable-2-hydroxy isoflavanones has been observed. 


EXPERIMENTAL 
2-Hydroxy-5: 7: 2'-trimethoxy isoflavanone (II a) 


(i) Preparation using methyl formate-——A suspension of 2-hydroxy- 
4: 6: 2’-trimethoxy phenyl benzyl ketone? (I 5) (1 g.) in freshly distilled methyl 
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formate (20c.c.) was treated with powdered sodium (0-7 g.) at 0° and the 
mixture left in the refrigerator for 48 hours. Ice and hydrochloric acid were 
then added and the excess of methyl formate was allowed to evaporate slowly 
by gently warming the mixture in a hot water-bath. The precipitate was 
collected and crystallised from alcohol when 2-hydroxy-5: 7: 2’-trimethoxy 
isoflavanone came out as colourless rectangular rods melting at 180-81°. 
Yield 0-8 g. A mixed melting point with the product obtained by the ethyl 
formate condensation! was undepressed. 


(ii) Dehydration of (IIa) to 5:7:2'-trimethoxy isoflavone (IIT a).— 
(a) The above 2-hydroxy isoflavanone (II a) (1 g.) was refluxed with acetic 
anhydride (15 c.c.) and sodium acetate (5 g.) at 140-50° for 2 hours. The 
mixture was poured into ice and the solid product crystallised from dilute 
alcohol when 5:7: 2’-trimethoxy isoflavone separated as colourless needles 
melting at 140-41°. Yield 0-4g. (Found: C, 69:2; H, 5:2. C,.H,,0, 
requires C, 69:2; H, 5-1%). 

(b) The above 2-hydroxy isoflavanone (IIa) (0-5 g.) was dehydrated 
using 16% alcoholic sulphuric acid.5 The product crystallised from dilute 
alcohol as colourless needles melting at 140-41°. Yield 0-35g. A mixed 
melting point with the sample obtained in (a) was undepressed. 


(c) 2-Hydroxy isoflavanone (II a) (0-5 g.) was taken in boiling alcohol 
(50 c.c.) and refluxed with animal charcoal (1 g.) for 30 minutes. The hot 
solution was filtered and allowed to cool. The crystalline mass, which sepa- 
rated out was filtered and was found to be the original 2-hydroxy isoflavanone 
(Ila) (m.p. 180-81°). The mother liquor on concentration gave another 
crystalline solid which was identical in every respect with 5: 7: 2’-trimethoxy 
isoflavone obtained by methods (a) and (6). 


5:7: 2'-Trihydroxy isoflavone (Isogenistein) (III b) 


Demethylation of 5:7: 2’-trimethoxy isoflavone (III a) was carried 
out using anhydrous aluminium chloride in benzene in the same way as 
reported by Seshadri and Varadarajan.! But unlike the 2-hydroxy isoflava- 
none, 5: 7:2'-trimethoxy isoflavone was easily soluble in benzene. The 
demethylated product crystallised from dilute alcohol as short yellow needles 
melting at 187°. On further crystallisation the substance sintered at 183° 
and melted completely at 222-23°. 


5: 7:2'-Triacetoxy isoflavone 


The above trihydroxy isoflavone (IIIb) (0-15 g.) was acetylated by 
boiling with acetic anhydride and pyridine. The triacetate crystallised from 
alcohol as thin colourless plates melting at 135-37°. Baker et al.* have 
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reported 132-34° as the melting point of the acetate whereas Karmarkar 
et al.* have recorded 154°. (Found in a sample dried at 110° in vacuo for 
5 hours: C, 63-6; H, 4-5. C.,H,gO, requires C, 63-6; H, 4°1%). 


2:4: 6-Trihydroxy-3-methyl-2'-methoxy phenyl benzyl ketone (Ic) 


To a solution of C-methyl phloroglucinol (7 g.) and o-methoxy phenyl 
acetonitrile! (9 g.) in dry ether (200c.c.) was added powdered fused zinc 
chloride (2 g.). The mixture was cooled in an ice-bath and dry hydrogen 
chloride was passed in for 5 hours. The mixture was then left in the ice- 
chest for 12 hours, when the ketimine hydrochloride separated as a dark 
red oil. The ethereal layer was decanted and the residue washed with dry 
ether. Water (150c.c.) was added to the residue and the mixture heated 
on a boiling water-bath under reflux for 2 hours. On cooling in the refrige- 
rator a pale yellow solid separated. It was filtered and crystallised first 
from water, twice from ethyl acetate and finally from petroleum-ether when 
small yellowish white needles melting at 198-200° were obtained. Yield 5 g. 
(Found: C, 66:4; H, 5-5. C,gH,.O; requires C, 66-7; H, 5-6%). 


2-Hydroxy-3-methyl-4 : 6: 2'-trimethoxy-phenyl-benzyl ketone (I d) 


The above ketone (Ic) (2 g.) in dry acetone (150 c.c.) was refluxed with 
dimethyl sulphate (1-3 c.c.; 2 moles) and freshly ignited potassium carbonate 
(3 g.) for 4 hours. The potassium salts were filtered off and washed with 
acetone. The residue left after distilling off acetone crystallised from alcohol 
as thick colourless rectangular rods melting at 146-48°. Yield 1-8g. A 
mixed melting point with an authentic sample of 2-hydroxy-3-methyl- 
4: 6: 2’-trimethoxy-phenyl-benzyl ketone described earlier? was not depressed. 


2-Hydroxy-5: 7: 2'-trimethoxy-8-methyl isoflavanone (IT b) 

The above ketone (Id) (1 g.) was condensed with sodium (1 g.) and 
methyl formate (25 c.c.) at 0°. After keeping for 48 hours at the same tempe- 
rature, ice and hydrochloric acid were added and the excess of methyl for- 
mate was removed under reduced pressure. The precipitate was collected 
and crystallised from alcohol when thick colourless prisms separated out 
and melted at 178-79°. A mixed melting point with the product obtained 
by the ethyl formate condensation? was undepressed. 


5: 7: 2'-Trimethoxy-8-methyl isoflavone (III c) 


The above 2-hydroxy isoflavanone (II 5) (1 g.) was refluxed with fused 
sodium acetate (4 g.) and acetic anhydride (15c.c.) for 2 hours at 140-50°. 
The mixture was treated with ice and the solid product filtered. It crystal- 
lised from dilute alcohol as colourless needles (m.p. 184-86°). Admixture 
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of this substance with the corresponding 2-hydroxy isoflavanone (II 5) 
depressed the melting point to 160° (Found: C, 69-7; H, 5-3; Cy 9H,,0; 
requires C, 69-9; H, 5-5%). 


70 


5: 7:2'-Trihydroxy-8-methyl isoflavone (8-Methyl isogenistein) (III d) 


The above trimethyl ether (III c) (0-5 g.) was demethylated using an- 
hydrous aluminium chloride in benzene following the procedure described 
earlier.? The demethylsted product when crystallised from dilute alcohol 
twice, separated as colourless tablets melting at 230-32°. A mixed melting 
point with the sample described earlier? was not depressed. 


SUMMARY 


It is established that the condensation of 2-hydroxy-4: 6: 2’-trimethoxy 
phenyl benzyl ketone and its 3-methyl derivative with ethyl formate as well 
as with methyl formate produces the corresponding 2-hydroxy isoflavanones. 
These undergo dehydration to the trimethyl ether of isogenistein and 8- 
methyl isogenistein respectively. Demethylation of the above ethers can 
be conveniently effected by aluminium chloride in benzene solution. The 
2-hydroxy isoflavanones also yield the same products by undergoing dehydra- 
tion along with demethylation. 
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1. INTRODUCTION 


IN an earlier paper’ the results of our investigations on some lyophobic gels, 
obtained by the R. S. Krishnan*® technique, have been discussed. In this 
paper we shall discuss very briefly the results on three lyophilic gels, viz., 
agar-agar and gelatin in water and cellulose acetate in benzyl alcohol. Due 
to the great affinity of the solid to the liquid phase, these lyophilic gels show 
properties which widely differ from those of the lyophobic gels. These gels 
have been earlier investigated by Arisz,* Mardles* and Krishnamurthi® by 
using light scattering methods. Their results, based on the light scattering 
technique with only one beam of unpolarised light, is rather inadequate to 
investigate the size and shape of the colloid particles of the gels. The results 
of the present investigation will, therefore, be of interest. 


2. PREPARATION OF THE SOLS 


Cellulose acetate sols of different concentration were prepared by 
mixing weighed quantities of pure cellulose acetate with benzyl alcohol which 
was previously dried over calcium chloride in a desiccator for several days. 
The mixtures of cellulose acetate and benzyl alcohol were allowed to stand 
in tightly corked test-tubes for a day. Clear sols of cellulose acetate in 
benzyl alcohol were then obtained by keeping the test-tubes containing the 
mixtures in a hot water-bath at 90°C. sufficiently long. As the removal of 
air bubbles from sols at high concentrations is difficult, the sols were main- 
tained at 90° C. for a long time to keep their viscosity as low as possible and 
tapped several times to facilitate the upward movement of the air bubbles. At 
concentrations above 10% this process had to be continued for several days 
before the sols showed the absence of specks of light due to small air bubbles. 
The sols finally ready for investigation showed only faint Tyndall cones in 

‘ a convergent beam of sunlight. 





* These investigations were made when the author was working for his Doctorate under 
Dr. L. A. Ramdas, at the Meteorological Office, Poona. 
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Gelatine and agar sols of low concentration were obtained by the 
method of Krishnamurthi.’ Sols of higher concentration, however, cannot 
be obtained by this method as it is impracticable to filter the viscous turbid 
sols in order to obtain clear sols suitable for investigation. Therefore clear 
sols of the highest concentration of agar-agar 1-5% and gelatine 3-0°% res- 
pectively (obtainable by Krishnamurthi’s method) ‘were poured in shallow 
dishes and maintained at suitable high temperatures in order to remove 
sufficient water from them by evaporation. The shallow dishes containing 
the sol were covered with filter-paper which served the double purpose of 
protecting the sol from outside dust as well as of absorbing the moisture 
evaporated from the sol. The filter-paper was changed at intervals. By 
slow evaporation continued for sufficient time, dust-free sols of gelatin up 
to 12% and of agar-agar up to 8-0% concentration could be obtained. 


3. THE SOL STATE 


The lyophilic sols prepared at high temperatures remain unchanged 
when the temperature is reduced until the sols attain certain minimum 
values of temperature depending upon the type of the gel. We refer to these 
temperatures as optimum temperatures of sol-gel transition. The optimum 
temperatures for cellulose acetate, agar-agar and gelatin are 20°C., 39°C. 
and 25°C. respectively. Table I shows the intensity and depolarisation of 


TABLE IL 


Intensity and Depolarisation Values of Cellulose Acetate Sols 





Concentration l 2 3 4 5 7 Oo 6&6 wD Ss BH ® 
% 

wm % 95 95 95 95 95 95 95 95 95 95 95 95 

Po % 1:3 1:3 1-5 1°8 1°8 1-8 1-8 1-5 1°5 1:3 1-3 1-3 

oo 0-40 0-40 0-46 0-50 0-80 0°54 0-50 0-25 0:19 0-14 0-10 0-07 





cellulose acetate of 1 various concentrations. The values of pp in the first 
row indicate that the size of the particles remains almost the same in all the 
sols. p, increases slightly indicating an increase in the anisotropy of the 
sol particles in sols of concentration 4% to 10%. Variation of I4,,, [i.e., 
the ratio of I,,, the fraction of incident light scattered in all directions by 
1 cm. of the medium, to the concentration (C) with concentration C] is shown 
in the third row. The ratio I,,,,. remains constant up to about 3-0% show- 
ing that the light scattered by the sols varies directly as concentration. This 
is in complete agreement with the indications of pp, and p, which show that 
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the size and shape of the particles in the sols do not alter sensibly in this 
range of concentration. A slight increase in the ratio between 3% to 5% 
may be due to the increase in the anisotropy of the particles. The ratio falls 
off rapidly with further increase in the concentration, the intensity of light 
scattered by a 40% sol being only seven times that scattered by a 1% sol. 
The values of p;, and p,, however, remain unaltered indicating that the aver- 
age size and shape of the particles in the 4-0% sol is nearly the same as in 
the 1% sol. Sols of agar-agar and gelatin show similar behaviour. 


4. SoLt-GEL TRANSITION 


If the lyophilic sols are cooled below the optimum temperatures men- 
tioned in para 3, the viscosity and depolarisation values change continuously 
with time till the sols set completely. The increase in the viscosity is very 
rapid during the initial stages of the sol-gel transition. Therefore, while 
studying the sol-gel transition at temperatures far below the optimum tempe- 
rature, increase in the viscosity of the sol at intermediate temperatures, 
while the hot sol is being cooled to the particular temperature, cannot be 
avoided. Moreover, the final size and shape of the gel particles set at any 
temperature depends to a large extent upon the initial viscosity of the sol. 
Therefore, for studying the sol-gel transition more in detail, four methods 
of cooling the hot sol to the particular temperature at which the sol-gel 
transition is to be studied were adopted. This enabled the study of four 
different groups of gels as it were. 


(i) In the first group the gels were allowed to set completely at the opti- 
mum temperature. The constant values of intensity and depolarisation 
were recorded and the set gels were cooled to a lower temperature. They 
were again allowed to stand for sufficient time till the intensity and depolari- 
sation attained constant values. These values of intensity and depolarisa- 
tion were recorded and the gels were cooled to the next lower temperature. 
The values of intensity and depolarisation for a typical gel, viz., 3% cellulose 
acetate gel as it is cooled from the optimum temperature of 20°C. to 5° C. 
are given in the first half of Table II (i). It may be remembered that at tempe- 
ratures below 20° C. the changes in the size and shape of the gel particles 
are taking place in a highly viscous medium, viz., the set gel. 


(ii) In the second group the hot sols were cooled to the particular 
temperature under study at a slow rate of cooling, i.e., about 1° C. in every 
three minutes. Measurements for I, and p, were made from the instant 
the required temperature was reached. Final values of intensity and de- 
polarisation for 3% cellulose acetate gels set at different temperatures are 
Shown in Table II (ii). 
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TABLE II 


Intensity and Depolarisation for 3%, Cellulose Acetate Gels 





(i) (ii) (iii) (iv) 


ome 

So 

ts 
> 


Po Po 14, X 10 p, Po [in X 10 p, Po lan x 108 


7% 4 % 4 % 


Xo 
o™ 





50 95 
23 95 
20 95 
17 95 
15 90 
12 85 
10 80 

7 70 

60 
10 60 
15 60 
20 70 
25 80 
30 85 
35 90 
40 95 
45 95 
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(iii) In the third group the hot sol was cooled to the required tempe- 
rature as quickly as possible by introducing the test-tube containing the hot 
sol directly into a water-bath maintained at about the desired temperature. 
Measurements for I, and p, were made from the instant the sol reached the 
desired temperature. It is evident that in the third group the sol reaches 
the desired temperature earlier than in the second group and hence the 
increase in viscosity taking place at the intermediate temperatures in the 
third group is much less than that in the second group. 


(iv) Next an attempt was made to reduce the effect of increase in the 
viscosity of the sol, at intermediate temperatures still further by keeping 
the sol well stirred while it was cooling rapidly as described above, was also 
tried. The stirring of the sols, however, introduces great limitations on the 
range of concentrations and the temperatures at which the sol-gel transition 
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can be studied. Stirring introduces inhomogeneity in viscous sols and thus 
no observations could be made at higher concentrations. This method is 
suitable only when the viscosity changes are not rapid. Cellulose gels up 
to 3%, gelatin gels up to 1% and agar-agar gels up to 1-5% concentration 
could be studied by this method. 


5. DISCUSSION OF THE RESULTS 


As mentioned in the above paragraph, Tables II (i), II (ii), II (iii) and 
Il (iv) show the variation of intensity and depolarisation with temperature 
for a typical gel, viz., 3% cellulose acetate gel. p;, decreases continuously 
with decrease in temperature indicating that gels set at lower temperature 
contain particles of larger size. On comparing the corresponding values 
of pp, in Tables II (i), (ii), (iii) and (iv) we find that the size of the particles 
increases as we go from the first group to the fourth. Table III shows the 


TABLE III 


Intensity and Depolarisation of Cellulose Acetate Gels set at 5° C. 





Concentra- 
tion l 100 15 20 25 30 40 





r% 40 40 4 30 30 45 SO 50 60 65 75 75 





Po % 09 10 23 30 3-0 3-7 3°5§ 2°38 2°5 1-3 0-9 0-9 
I,, X10° 7-3 16:0 24 90:0 120 80:0 60 25 20 12 4:4 4-4 


variation of intensity and depolarisation with concentration for cellulose 
acetate gels of the third group set at 5°C. The values of pp, decreases conti- 
nuously with increase in the concentration from 1% to 5%, and later with 
further increase in concentration pp, increases again. The values of p,, at 
the highest concentration of 40% show very slight decrease from the sol 
value of 95% to 85% after the gels set completely at 5°C. This indicates 
that the increase in the size of the particles when a sol sets to a gel is more 
appreciable as the concentration increases from 1% to 5% while with further 
increase in the concentration the changes in the size of the particles 
when the sol sets to a gel becomes less appreciable. At concentrations of 
30% and 40° the sols change over to the gel state without any appreciable 
change in the size of the particles. 





Variation of py.—The second row of Table III shows the variation of 
Py With concentration. It is seen that the anisotropy of the gel particles 
A4 
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increases as we go from 1% to 5% gels. With further increase in the con- 
centration the gel particles become more and more symmetrical. 


On comparing the values of p, at different temperatures in Table II (i), 
(ii), (iii) and (iv), we find that as temperature decreases p, in general shows 
three different types of variations. (1) p, continuously decreases with 
decrease in temperature showing that the particles of the gels become 
more symmetrical as the temperature decreases. (2) py, decreases conti- 
nuously at first but later on increases again as the temperature is decreased 
further indicating that as the temperature is decreased the gel particles at 
first tend to become more symmetrical but later on grow more asymmetric 
again. (3) py, increases right from the start with decrease in the tempe- 
rature. Table [IV summarises the variation of p, with temperature through- 
out the whole range of investigation on the lyophilic gels. These results 
indicate that the concentration range where the colloid particles grow to 
form asymmetric aggregates increases rapidly as we go from the first group 
of gels to the fourth indicating that the low initial viscosity of the sols 


TABLE IV 





Concentration range in which the type of 
Type of variation Group to which variation of p, mentioned in Col. 1 is noticed 
the gels belong 
Cellulose Acetate Gelatin Agar- 
Agar 





Py decreases con- ,¢ IGroup 1% 2%» 3%» 30% «0°2% to 1-5 0-06% to 
| and 40% 


tinuously with de- 
crease in tempe- 
ture. 


and 7%tol2% 1:-0% 


IlGroup 1%,2%and40% 0:2%to1-:5% 0-06% to 
and 8% to 12% 0-5% 
IlIGroup 1% and 40% 0:2%to0:5% 00-06% to 
and 8% to 12% 0-2% 
| IVGroup 1% 0-2% 0-06% 
p, first decreases ( IGroup 4%, 5%and15% 2% and7% 
and thenincreaes ! I1Group 3%,25%and30% 1-5%and7% 
again asthetem- j|III1Group 2%,3%,25%and 1%, 1-5% and 
perature decreases |IV Group 30% 7:0% 


p, increases right I Group No where 0-5% 
from the beginning | 6% and 12% 2-5 to 6:0 
as temperature { II Group 4% and20% 2-6% 
increases | I11Group 4% and 20% 2% to 6% 
| IVGroup 2% to6% 1% to2:5% 
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suppresses the growth of the spherically symmetrical particles and favours 
the formation of asymmetric aggregates. 


Variation of Intensity during the Sol-Gel Transition I, as in earlier 
papers of this series stands for the density scattering computed from the 
observed value I, from the relation: 


Is =I, 3 + 3 py 
2 3-4 Py 
The I;-time curves during the sol-gel transition taking place at any tempe- 
rature show different characteristics which seem to be closely related to the 
corresponding variation of py. (1) The I;-time curves show very prominent 
points of maxima when the particles increase in size and anisotropy as shown 
by the decrease in pp and increase in py. (2) The points of maxima are 
absent when the increase in the size is accompanied by the increase in the 
spherical symmetry of the particles during the sol-gel transition. In the 
first case the existence of a point of maximum value is evidently due to the 
predominant aggregation of the particles where the total number of the 
scattering centres decreases rapidly. The aggregation in this case produces 
greater asymmetry of the particles as shown by the increase in py. In the 
latter case, however, the absenec of the points of maxima shows that the 
increase in the size may not be mainly due to the aggregation of the particles 
but may be due to the swelling of the individual particles, a process in which 
the total number of scattering centres does not decrease. 


6. GEL-SOL TRANSITION 


In order to study the changes in the size and shape of the gel particles 
during the gel-sol transition, gels prepared at the lowest temperature during 
the sol-gel transition studies (see para. 4) were used. The gels were raised 
to a higher temperature. The temperature was kept constant until no fur- 
ther change in the intensity and depolarisation occurred. The constant 
values of intensity and depolarisation were recorded and the gel was then 
raised to the next higher temperature for further observation. The lower 
halves of Tables II (i), (ii), (iii) and (iv) show the gel-sol values of intensity 
and depolarisation for a typical case of a 3% cellulose acetate gel. 


Variation in intensity and depolarisation p;, and py, tend to change in 
a direction opposite to that of the sol-gel transition discussed in para. 5, 
as the gels are raised to higher temperatures until they reach the original 
sol values. However, the changes in intensity and depolarisation with 
increase in temperature dd not exactly retrace the path of the sol-gel transi- 
tion. Instead, the values remain constant even when the gels are raised to 
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higher temperatures and change over slowly back to sol values in a tempe- 
rature range much higher than that for the sol-gel transition. Moreover, 
the three different types of changes in py taking place during the gel-so 
transition for different types of gels occur precisely in the same concentra. 
tion range as mentioned in Table IV. 


7. CHANGES IN THE VISCOSITY DURING THE SOL-GEL AND GEL-SoL 
TRANSITION (QUALITATIVE STUDY) 


From qualitative observations on the mobility of the medium, it js 
noticed that viscosity of the sols increases rapidly with increase in the con- 
centration. During the sol-gel transition, increase in viscosity always 
precedes the changes taking place in the size and shape of the particles, 
Viscosity of the corresponding gels decreases as we go from the first group 
of gels to the fourth, indicating that if the size of the particles increases rapidly 
during the sol-gel transition, the resulting gels are looser. 


8. MECHANISM OF THE SOL-GEL AND GEL-SOL TRANSITION OF 
LYOPHILIC GELS AS SUGGESTED BY THE PRESENT INVESTIGATION 


The lyophilic sols are also solid-liquid systems in which the solid phase 
remains suspended in the dispersion medium. The disperse phase is in the 
colloid state. The lyophilic sols are quite stable at high temperatures and 


the disperse phase in them does not precipitate even at higher concentra- 
tions. Due to the great affinity of the solid phase to the liquid phase, 
viscosity of the sols increases very rapidly with concentration. Size and 
shape of the colloid sol particles is not affected to any appreciable extent 
by increase in concentration. At low concentrations the collodial sol 
particles scatter light independently of each other while at higher concentra- 
tions the intensity of scattered light varies much less rapidly than the increase 
in concentration. The changes taking place in the sol state when we go 
from sols of low concentration to sols of high concentration seem to be 
somewhat analogous to the change taking place when a vapour, in which 
molecules scatter light independently of each other changes over to the liquid 
state when the molecules are too closely packed to scatter light independently 
of each other. 


The change from the sol to the gel state can be divided into three 
distinct stages: 


(1) The clouding of the dispersion medium over the disperse colloid 
particles. During this stage which is very prominent in these gels, no 
change in the size and shape of the particles is yet evident and only the rapid 
increase in viscosity is noticed. 
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(2) Some of the disperse medium may actually enter the colloid particles 
by a sort of osmosis. It has been shown that during this process the indivi- 
dual particles swell and become spherically symmetrical. 


(3) The swollen particles may then aggregate to form particles of larger 
size and greater asymmetry. The change in the size and shape of the particles 
actually observed during the sol-gel transition is in general due to the com- 
bined effects of swelling and aggregation. The relative parts played by the 
above two factors in bringing about the increase in the size and shape of the 
gel particles depends upon the concentration of the gel and the temperature 
at which the sol-gel transition is carried out. In gels of very low concen- 
tration the increase in the size is mostly due to swelling of the individual 
particles. With increase in concentration the aggregation tendency increases 
and we get gels consisting of highly anisotropic particles. At very high 
concentrations the sols are very viscous, and the aggregation of the particles 
during the sol-gel transition is again suppressed so that only the swelling 
of the particles is observed. Decrease in the temperature at which the sol-gel 
transition takes place has great influence in increasing the aggregation of 
the gel particles. At low concentrations where the probability of collision 
of the particles is very small, we notice mostly the particles swelling and the 
I,time curves show no points of maxima even at the lowest temperatures. 
At slightly higher concentrations, as one goes on lowering the temperature, 
swelling is noticed at first and aggregation becomes more predominant as 
the temperature is further decreased. For still higher concentrations aggre- 
gation starts right from the beginning. However, when the concentration 
becomes very high, the initial viscosity of the sol is so large that the decrease 
in temperature does not influence the aggregation of the particles in any 
way and swelling alone is noticed at very high concentrations. 


The extreme stability of the lyophilic gels and the very wide range of 
concentrations over which the gels can be prepared is clearly due to the fact 
that in these gels the dispersion medium is bound in two different ways, viz., 
by the clouding of the dispersion liquid over the colloid particles and also 
by some of the liquid actually entering inside the particles by a sort of 
osmosis. Unlike the lyophobic gels, increase in temperature does not bring 
about increase in the size of the particles by further coagulation. On the 
other hand, the size of the colloid particles and the viscosity of the medium 
rapidly decrease with the increase in the temperature. This is evidently 
due to the fact that with increase in temperature the thermal velocity of the 
molecules of the dispersion medium inside and outside the colloid particles 
increases rapidly. Due to the increase in the thermal velocity of the liquid 
molecules outside the colloid particles the clouding of the dispersion liquid 
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over the colloid particles is decreased, resulting in the decrease of viscosity in 
the gels. The increase in the thermal velocity of the liquid molecules inside 
the swollen particles causes the swollen particles perhaps to burst into frag. 
ments. The increase in the temperature thus causes the gels to go back to 
the sol state again. 


9. OTHER EXPERIMENTAL EVIDENCE OF SWELLING OF THE 
GEL PARTICLES 


In connection with the swelling of the individual particles observed in 
the present investigation, reference may be made to an interesting observa- 
tion made by Krishnamurthi® on gelatin gels. He has shown that when a 
gelatin gel is kept in a desiccator, the shrinking of the gel is accompanied 
by a large decrease in the light scattered by the gel, suggesting that the shrink- 
ing of the gel as a whole may be due to the shrinking of the swollen colloid 
particles by the removal of the trapped water from them. However, 
Krishnamurthi has ruled out the possibility of the swelling of the individual 
particles and has pointed out the following features against the swelling 
theory: (1) Pieces of gelatin become opalescent when allowed to swell in 
water but the increase in the turbidity thus obtained is very small in com- 
parison with the marked turbidity of the 2% gels. (2) Gelatin passes over 
from the sol to the gel state without any change in the intensity of scattered 
light. (3) Turbid gelatin which becomes clearer during the process of de- 
hydration in a desiccator does not regain its original turbidity when kept 
again in water. We must remember, however, that the sol-gel transition is 
not due only to the swelling of the particles alone but is a much more con- 
plex phenomenon in which in addition to swelling, the aggregation of the 
different particles as well as the clouding of the dispersion medium over the 
disperse phase, are also taking place. 


Diffusion of dilute hydrochloric acid into a gelatin gel and the resulting 
decrease in the light scattered by the gels observed by Krishnamurthi also 
follows directly from the fact that the hydrochloric acid outside the swollen 
particles will drag the water out again from the swollen particles causing 
them to shrink again by de-osmosis. 
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SUMMARY 


Results of an extensive investigation on the changes in the size and 
shape of the colloid perticles during the sol-gel transition of agar-agat, 
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gelatin and cellulose acetate gels, by the R. S. Krishnan colloid optical 


technique have been discussed. A possible mechanism of the sol-gel transi- 
tion of lyophilic gels has been proposed. 
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ABSTRACT 


In an emulsion block detector! exposed in the stratosphere three 
cases of the production of r-mesons in nuclear disintegrations have been 
observed and 5 cases of negative K-mesons which when brought to rest 
are captured by nuclei. In one case the production of a 7-meson is asso- 
ciated with the production of a charged hyperon in the same nuclear event. 
In another case the production of a negative K-meson is associated with 
the production of a slow positive K-meson. The production ratio of 
slow t-mesons to slow positive 7-mesons t/7+ = 1-1+ 0-8% and the ratio 
of slow negative K-mesons to slow negative 7-mesons K~/z~=0-95+0-5%. 
The mass of the 7-meson is found to be 

Mr = 975:9 + 2:2 m, 
and that of K--mesons 

Mu~ = 927 + 75 m, 
Proof is given that all three of the decay products of the +-mesons are 
a-mesons. It is suggested that all r-mesons observed to decay in emul- 
sions are positively charged and that the K~-mesons observed by us may be 
the negative counterpart of this particle. Possible relations between the 
various phenomenologically distinguished types of charged K-mesons 
are discussed. 

I. EXPERIMENTAL PROCEDURE 


THE work reported in this paper was carried out with an emulsion block 
detector whose construction has already been described in detail.1 The 
block consisted of 24 sheets of 600 » Ilford G-5 emulsions with lateral dimen- 
sions 4”x6”". It was exposed in a balloon flight at geomagnetic latitude 
19° for 63 hours. The balloons spent 43 hours between 70,000 and 90,000 
feet. Tracks of particles which traversed the detector during the balloon 
exposure could be traced from emulsion to emulsion. Tracks of particles 
which traversed the stack before the balloon flight (old tracks) could not in 
general be traced because the relative position of the emulsion sheets was 
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altered just before exposure in the stratosphere. A sample survey showed 
that a total of 4,800 positive and negative 7-mesons came to rest in the stack 
of which 3,700 were produced in the stratosphere and 1,100 during the air 
transport of the emulsions from England to India. 


We have selected for investigation a random sample consisting of 
352 w-p-e decays and 421 capture stars produced by slow mesons. Amongst 
the last mentioned events, we found four cases of heavy mesons coming to 
rest and producing nuclear distintegrations at the end of their range (K-- 
mesons). The remaining capture stars were produced by 7-mesons, while 
the 7-u-e events of the first group must be attributed to 7*+-mesons. 


The tracks of the + and a--mesons were traced from their end point 
backwards towards their origin. Some proved to be “old tracks”’ and 
could, therefore, not be traced, others were found to enter the stack from 
the outside and were presumably produced in the packing material. Some 
could not be traced completely due to faults in the emulsions or other reasons. 
Many were found to originate in some nuclear disintegration. A few origi- 
nated in 2 prong stars some of which could be interpreted as the decay of 
neutral hyperons. Two positive mesons originated in the decay of 7-mesons. 


The detailed information on the origin of the 773 slow z-mesons is 
given in Table I. 














TABLE I 
nm? —mesons | m — mesons 

- —a a = ™ a = —— ! — | 

Old tracks °° 84 | 97 

Not traced beyond 1-2 cm. of range ** 75 | 61 

Entered from outside . | 109 | 109 

Originated in stars > 2 prongs . 80 | 146 

Originated in 2 prong stars rae 2 | 8 

From t— mesons oe 2 | 0 
| Total -- 352 | 


421 | 
| 





The two 7-mesons as well as a third 7-meson discovered at random 
could in turn be traced to their origin in nuclear events. All of their decay 
products could also be traced for appreciable distances into the emulsion 
block, some of them to the end of their range. 


Of the four K--mesons found by the investigation of capture stars one 
was produced before balloon exposure and could, therefore, not be traced 
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to its origin. Two were found to originate in nuclear explosions and one 
entered the block from the outside. A fifth K~-meson was found by tracing 


the grey and black prongs of a star which was already known to emit a posi- 
tive K-meson. 


II. MEASUREMENTS ON THE 7T-MESONS AND THEIR DECAY PRODUCTS 


Brown, Camerini, Fowler, Muirhead, Powell and Ritson? who dis- 
covered the first 7-meson suggested the decay scheme t->37. Recently 
Amaldi et al.* reviewed the evidence for the nature of the decay particles 
based on a total of 11 7t-decays which had been observed until then. 
Although only three of their 33 decay products came to the end of their range 
in the emulsion and could definitely be identified as 7-mesons, the evidence 
from grain density versus scattering on the tracks of the other decay products 
and the consistency of the Q-values obtained for the reaction assuming the 
proposed decay scheme, made it highly probable that as originally suggested 
all these decay products are 7 rather than w-mesons and no additional 
neutral particles are involved. 


The much more favourable observational conditions which exist in an 
emulsion block detector compared to single emulsions permit in our case 
to exclude the presence of neutral particles in the decay by a more rigorous 
test on the coplanarity of the charged decay particles. One can also show 
that in one of our cases in which two of the decay products come to rest in 
the block and can be identified as 7-mesons, the evidence is very strong that 
also the third decay particle is a 7 rather than ay-meson. The originally 
proposed decay scheme seems, therefore, very firmly established. 


Apart from measurements on the track of the 7-meson itself (which 
will, however, give a mass and Q-value of very limited precision) one can 
measure the three momenta of the decay particles and the three angles between 
their tracks. Once the decay scheme is assumed, a Q-value can be calculated 
from one of the momentum values and any two of the remaining five mea- 
surable quantities. It is, therefore, possible to obtain for a given r-decay 
a series of Q-values obtained from different sets of the measurable quanti- 
ties and to obtain a check on the accuracy of measurement from the internal 
consistency of the results. 


From such internal consistency checks it became soon apparent, that 
in order to measure the Q-value to an accuracy of the order of 1 MeV, 
the customary procedure for measuring angles and particle ranges in 
emulsions had to be greatly refined, by taking into account the variation in 
thickness of individual emulsion sheets and the effect of distortion on the 
angle between steeply dipping tracks. It seemed also desirable to determine 
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directly the stopping power of the particular emulsions used in order to avoid 
errors due to the variable moisture content of emulsions. 


These refinements will eventually also play a role in determining accu- 
rate Q-values for the decay of other K-mesons and Hyperons, and, are there- 
fore, described in some detail. 


(a) The Measurement of Particle Ranges 


The determination of particle range depends on an accurate knowledge 
of the shrinkage factor, and, therefore, on the emulsion thickness before 
processing for all emulsion sheets traversed by the track. The conversion 
of particale range into energy requires an accurate knowledge of the stopping 
power of the emulsion. 


(1) Stopping Power of the Emulsion Sheets.—Since unbacked emulsion 
sheets are free to expand and contract laterally after manufacture it is possible 
that their stopping power at exposure slightly differs from that normally 
observed for glass backed emulsions. We found in fact, that the density 
of two control sheets is about 2% higher than that given by the manufacturer 
for G-5 plates. 


We have, therefore, determined the range of u-mesons emitted from 
m-mesons in a direction nearly parallel to the emulsion surface. Our mean 
value on 18 tracks is R, =589,. Since according to Fry and White* the 
p-mesons have a 5% straggling in range our value should be accurate to 
about 1%. We have normalised the range-energy curves for emulsions as 
given by Beiser!® to agree with the observed range for «-mesons. 


(2) Variations in Emulsion Thickness.—It is apparent from the manu- 
facturing process used by Ilford Limited, where liquid emulsion is poured 
on a thick, carefully levelled sheet of plate glass, that individual emulsion 
sheets must be extremely uniform in thickness. Thus it is not necessary 
to consider thickness variation in a particular emulsion, but variations 
between different emulsion sheets must be taken into account. 


The determination of the unprocessed emulsion thickness can, there- 
fore, be divided into two parts: 


(a) Determination of relative thickness of different emulsions. 


(3) Determination of the average thickness of the emulsions forming 
the emulsion tlock detector. 


(a) We select a number of tracks due to energetic heavy primary nuclei 
which traverse the block in different areas of the plates and with different 
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orientations. We measure for each track in each emulsion (i) the pro- 


jected track length L; and determine the average projected track length in 
the n emulsions: 


, _ ; — 2 ; 
The fractional variation of projected track length _ — MS varies 
from emulsion to emulsion. The average variation is 4-6% but occasional 
values up to 10% do occur. 


For the track of a high energy particle whose scattering is negligible, the 
projected length in two emulsions can differ either because the emulsions had 
unequal thickness or because of distortion (which moves the exit point on the 
air surface from its proper position) or because there were small air gaps 
between emulsions which permitted buckling such that the sheets at exposure 
were not exactly parallel. 


Experimentally we found that except for tracks near the edge of the 
_. ky ’ 1S ; 
plates the quantity c “ was for a given i (i.e., for the same emulsion) nearly 


equal for all tracks. The main fluctuation of projected length was, therefore, 
due to variation in emulsion thickness, since buckling should have different 
effects on tracks in different areas of the plate and the effect of distortion 
on its projected length should depend both on the location of the track in 
the plate and on its orientation. From these measurements we obtained 
for each emulsion sheet its thickness (within 1%) in terms of the average 
thickness of the sheets. 


(8) In order to determine the average thickness of the emulsion before 
exposure we measured the range of steeply dipping m-mesons ejected from 
a-mesons. Taking into account the percentage variation in the thickness 
of individual emulsion sheets, this average range is nearly proportional to 
the average emulsion thickness. We find that the emulsion thickness at 
exposure is very nearly equal to 600 as specified by the manufacturer. 


With this information on the thickness of individual emulsion sheets 
we can determine the range of stopping particles to about 1% accuracy 
corresponding to an uncertainty in energy of about 0-5%. Further un- 
certainty in the energy arises from possible errors in the deduced stopping 
power (0-5%) and from straggling which for 7-mesons in the energy interval 
15-35 MeV amounts to about 2%. 
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(b) Measurement of Angles between Trajectories 


The angle measured between two tracks in a processed emulsion can 
differ from the angle between the trajectories responsible for the tracks for 
the following reasons: 


(a) The emulsion has shrunk during processing in the direction per- 
pendicular to the emulsion surface (Z-direction). 


(8) The emulsion layers may during processing have moved with res- 
pect to each other (distortion). Unless the intersecting tracks 
are parallel to the emulsion surface, distortion will change the 
angle between tracks. 


(vy) Coulomb scattering introduces an uncertainty in the true angle of 
intersection. Fortunately this does not affect the Q-values 
appreciably because if the track is due to a particle of high 
momentum the scattering is small and if it is due to a particle 
of low momentum the Q-value is insensitive to the angle between 
this track and those of the other decay products. 


In order to measure the angle between two tracks, we have to measure 
the difference of x, y and z co-ordinates between the intersection of the tracks 
and another point P on each of the two tracks. This point must be chosen 
sufficiently far from the intersection to permit the accurate alignment of a 
hairline with the intervening grains of the track. If we want to measure, 
however, the angle between the trajectories of the particles producing the 
tracks, we must first correct the z co-ordinates of the points P for shrinkage 
and their x and y co-ordinates for the displacements caused by distortion. 


Since we have determined the thickness of each emulsion sheet before 
exposure, the shrinkage factor involves simply a measurement of thickness 
of the processed emulsion sheet. This thickness, however, changes with 
the moisture content of the atmosphere and should, therefore, be redeter- 
mined for each angular measurement.* 


We now consider the distortion correction to be made for the x and y 
co-ordinates of P. Let us assume that during the development stage and 
before the emulsion has hardened a uniform pressure is exerted on a surface 
perpendicular to the plane of the emulsion (y, z-plane) and let us assume that 
in this state the emulsion represents a homogenous and elastic solid. The 
emulsion material will then suffer a displacement S in the x-direction which 
(because one surface of the emulsion is firmly attached to a rigid glass plate) 





* A.J. Oliver Radiation Laboratory Report U.C.R.L. 2176. April 1953. 
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will vary along the Z-direction. It is then easily shown that a is equal 


to a constant (= — K), and for the boundary condition where one emulsion 
surface is rigidly fixed while the other is free to move. 


$ =(— 5 2*+Kz,Z) 


= [27, - (2) ] ™ 


where Z, is the emulsion thikness and S, is the maximum value of S which 
occurs on the air surface. Thus, the various grains along a track will be 
displaced in the x, y plane by an amount which increases first rapidly then 
slower as one goes from the glass surface (Z = 0) to the air surface (Z = Zp). 
The result is a C-shaped distortion of tracks, the curvature being largest 
near the glass surface. This is in fact the shape which is generally observed 
for tracks of fast particles traversing distorted emulsions. The projected 
shape of the track does not change when the thickness of the emulsion 
shrinks. The distortion in a certain region of the developed emulsion is 


is a measure of distortion in covans if the 


defined by the magnitude of the displacement on the air surface Sy= 
K _ So 
t= 
surface displacement S, is expressed in microns and the emulsion thickness 


and the quantity C = 


Z, in millimeters. Since in this type of distortion (32)z=2 = 0 the pro- 
0 
jected track retains its true direction near the air surface. Consequently 


. 4 . . 
the component of the displacement vector S perpendicular to the projection 
of a given track can be obtained by measuring the distance of the point where 
the track enters the glass surface to the line which is tangent to the projected 


‘ > . . 
track at the air surface. The true vector S is determined by making such 
measurements in the same region of the emulsion on tracks of different 
orientation. 


The x and y co-ordinates of the points P, and P, on the tracks 1 and 2 
whose angle of intersection is to be measured must, therefore, be corrected 
for distortion in the following way: 


ad 
(2) The vector S is determined from the apparent curvature of high 
energy tracks in the same region of the plate. 
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(8) The Z co-ordinate (Z,) of point P and of the intersection point (Z’) 
are measured and expressed as fractions of the emulsion thick- 
ness Zy. The point P,’ which is to be used for the angular mea- 
surement is found by moving from P, in the direction of the dis- 


> 
placement vector S by an amount obtained from equation 1: 


: .— Zs Z,2 —Z"” 
SZ) — $Z’) =8, [2 — 2) — Gr). 


In our emulsions where the maximum displacement vector Se is some- 
times as large as 40 (corresponding to 110 covans) the distortion correc- 
tion may amount to several degrees for steep tracks both when measuring 
the projected angle between tracks and when measuring dip angles. 


If the decay occurs near one of the emulsion surfaces and one of the 
fragments is steep and leaves the surface giving a segment of very short 
length, the measurement of the dip and projected angles can sometimes be 
carried out more accurately in the adjacent emulsion which is completely 
traversed by the fragment. 


It should be remarked that distortion in the emulsion does not in first 
order affect the coplanarity of the tracks made by the three decay products 
of the 7-mesons. The fact that the measured angles between the three 
tracks add up to 360° is, therefore, no indication that distortion corrections 
can be neglected. 


(c) Mass Measurements on 7-Mesons 


The result on the measurements of the 3 7-mesons are given in Table V. 
In each case unfortunately, the plane of decay makes a large angle with the 
plane of the emulsion. The manner by which the Q-values were obtained 
and the errors were estimated is given below: 


(a) rNo. 1. The momenta p, and p, of the stopping 7-mesons were 
obtained from their range. In addition the dip angle of each track and the 
projected angle between tracks were measured. The decay occurred in 
a plane which made an angle of 77° with the emulsion surface. The mea- 
sured deviation from coplanarity was 0-35°. 


By using various sets of the measured angles and momenta we can calcu- 
late the remaining momenta, the energy of each decay product and the 
Q-value. Table II shows the results obtained; the measured quantities 
are indicated at the top of each column. (y designates the angle between 
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p, and ps, etc.). Energies and momenta in Table Il are expressed in units 
of the 7-meson rest mass (c = 1). 














TABLE Il 
t No. l 
| pipe a | pipe B | 2 | | 
| 102 | 122 | bibe Y | f1 ap b2 ap 
br -641 641 | 641 | 641 .| 605 | 
ps -500 500 «=| «| -500 «| ~S «518 -500 
i 7445 1s | -735 | ° +7410 722 =| 
E, 188 188 | sg | «188 179 
E> 118 118 | -118 124 118 
E; 2465 2295 | 241 245 +233 : 
Q +5525 5355 | 547 | BT 530 | 


The variation in Q-values is partly due to uncertainty in angular mea- 
surements, but primarily it reflects errors due to straggling since we have 
used in its calculation the energy derived from the range of particles 1 and 2 
and of each one separately. That straggling is the largest contribution to 
the uncertainty of the Q-values is indicated by the fact that both in case of 
+ No.1 and 7 No. 2 (Table Il) the extreme Q-value occur if we rely in the 
calculation on the range of only one or the other of the two stopping 7-mesons. 


We, therefore, take the average of the various Q-values and assign as 
probable error a value covering the entire spread of values obtained: 


Q, = 543 + -014m,c? 


The track of the third meson which escapes, has near the decay point 
a grain density of 53-5 + 2-5/100, while the grain density expected for a 
a-meson of momentum calculated in Table III should be 53-7 + 0-7/100x. 
If on the other hand the excaping particle were a «-meson its grain density 
should be 39-0/100 in disagreement with the observed value. Thus, it 
seems certain that all three decay products are 7-mesons. 


+ No. 2. One positive and one negative 7-meson come to rest in the 
block. The plane of decay makes an angle of 85° with the plane of the 
emulsion. The measured deviation from coplanarity is 0-3°. The Q- 


values determined by using various sets of measured quantities are given 
in Table I. 
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TABLE III 
t No. 2 
° — tate amis 
dif2a | pipe B bib2 Y Ai af p2 ap 
pr 581 =| 581 -581 581 | +566 
be 482 | +482 +482 +491 -482 
ps -790 -773 784 -789 -770 
Ei 1565 | +1565 +1565 +1565 149 | 
E» -110 | -110 -110 +114 -110 
ky 274 «| 264 +270 274 262 
Q +5405 | +5305 +5365 5445 521 


Q, =0-°533 + -012 m,c? 


7 No. 3. The plane of decay makes an angle of 75° with the emulsion 
surface. The measured deviation from coplanarity is 1-6°. In this case 
only one (positive) 7-meson comes to rest in the block, the others escape. 
The stopping 7-meson (7,) carries only 9% of the available energy. This 
makes it difficult to obtain good measurements: 


(1) The strong scattering of 7, introduces an uncertainty in the angle 
between 7, and 7, and between 7, andz;. This probably accounts 
for the measured lack of coplanarity. 


(2) The Q-value becomes extremely sensitive to the angle between the 
energetic mesons 7, and 7, which travel very steeply in nearly 
opposite direction. 


The most accurate Q-values are obtained in this case by determining 
the momentum of z, from grain density versus range in the 16 emulsions 
which this particle traverses before escaping and using p,, P. and either of 
the angles between 7, and the other mesons. 


The results are given in Table IV. In addition to the error due 
to the angular measurements which is responsible for the difference 
in Q-values in the two columns, we have to make allowance for an 
additional 2% error arising from the uncertainty in the energy deter- 
mination of 779. 
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TABLE [V 
t No. 3 
Pib2 B bi2 Y 
tr -310 310 | 
pe 7905 7905 | 
bs 672 6965 
E; 047 047 
Ep 275 275 
| Es 2045 219 
| Q +5265 541 





Q; = 534+ -017 m,c* 
The weighted average for these three 7-mesons (m,,c? = 141-1 (MeV) is 
Q, =75:6 + 1-1 MeV 
M, = (3-536 + 0-008) m,c? =975-9 + 2-2 me* 


























TABLE V 
Parent Particle Decay Products 
| J le | Sign of] E 
sos Range | Energy ,_. : ‘ \Sign o nergy _ 
No.| Origin | (cm) Mev Q-value Cet) Me, Charge| MeV Angles 
| | | 1| + | 26-2 | & 23=a=121-85° 
| | 
1 | 21+2a@ | 0-0367 6-4 | 76-7420 2| + 16-8 | { 3-1=f=137-2° 
| 
3|(-) | 33-7 | x 1-2=y=100-8° 
| 1} + | 21-8 a=132-9° 
| 
| 2 6+09 | 0-665 31-7 | 75-341-7 2| - 15-6 p=141-6° 
3| (2?) | 37-9 y= 85-5° 
| | el 6-6 a=161-8° 
| 3 | 13+10a| 0-747 | 33-6 | 75-342-4 | 2| > | 388 B=79+3° 
| 
| | 3} 2? | 29-9 y =118-8° 























| 





* Recent determinations by Smith ef a/. “!) show that the mass of the w-meson should 
be reduced to myc* = 139-5 Mev. Using this mass would reduce the Q value by 4% and lead 


to a mass M? = 966 + 2:2 m. 
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In addition to the statistical error, this Q-value may be in error by some- 
what less than 1 MeV due to uncertainty in the range energy relation. 


Our value is in good agreement with the value Q, = 76-3 + 1-7 derived 
by Amaldi, et al.* based on the average of 11 7-mesons observed in emulsions 
by various laboratories. It is somewhat higher than the value reported by 
one of us at the Cosmic Ray Conference at Bagnéres de Bigorre in July 1953, 
a value which had been obtained without corrections for distortions and 
for variations in emulsion thickness. 


III. THE CHARGE OF t-MESONS 


7 No. | can be definitely identified as positive because two of its decay 
products undergo z-y-e decay. A similar event was recently observed at 
Bristol.t Among the 15 7-mesons observed so far in emulsions there are, 
therefore, 3 cases, where the charge of two of the decay products was identi- 
fied (5 * and 1 7~) and 4 cases in which the charge of one decay product was 
identified (37+ and 17). The probability of obtaining 8 or more positive 
m-mesons among 10 identified decay products under these conditions is 
3-5% if they are obtained from a sample which consist of equal numbers 
of positive and negative 7-mesons. The probability is, however, 7 times 
as high if the sample consists of positive t-mesons only. While it cannot 
as yet be ruled out, therefore, that some of the 7-mesons observed to decay 
in emulsions are negatively charged it is more likely that all are positive. 


On the other hand from the report of Leighton at the Cosmic Ray 
Conference in Bagnéres it appears that at least one of the three 7-mesons 
whose decay in the gas of the cloud chamber was observed by him was nega- 
tively charged. It seems, therefore, reasonable to assume that both positive 
and negative 7-mesons are produced but that in the dense material of the 
emulsion the negative ones are absorbed by nuclei before decay. 


IV. K--MESONS 


We have already mentioned that among 421 capture stars investigated 
in our emulsion block we found 4 examples where the incident slow meson 
was heavier than a z-meson. A fifth example of this type of event was found 
by following tracks from a star among whose fragments was a previously 
identified positive K-meson (emitting a relativistic singly charged decay 
particle at the end of its range.) The particles producing these capture stars 
are certainly negatively charged and have a mass intermediate between 
m-mesons and protons. They are, therefore, designated as K~particles. 





} D.H. Perkins (Priv. Comm.) 
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The relevant data on these events are given in Table VI, most of these 
data have already been given in our preliminary report.> Details on the 
TABLE VI 
Negative K-Mesons 
| | | | | 
} | . 
| | Range | | Energy 
ls total (Z) Energy Release 
\z, | Origin | Range | Mass (m*) or observed | Mass (me) (MeV) | Remarks — 
| | . | |F steven 
| | | 
| | 
| | | 
1 14420 | 308 x | yq99 +720 | 15-84 (2) 1-0 Probably | 
, — 400 proton | 
| 5-7 uw (t) 0-5 Probably | 185 MeV 
| 299 + 80 proton 
| | 0-39 cm.(0)} oe = 50 28-1+-8) m-meson | 
2|25+5n| 924 | ? 48 uw (t) 2-2 Probably | 
proton 
5-5 uw (¢) 0°5 Probably 
| proton 
| 139 « (¢) | 42 Probably 
proton 
| 0-354 cm. | 299 + 89 | 29-2+0-9 This particle 
| (oc) | “"—30 is am-meson| 199 MeV! 
| | since it pro- | 
} duces a 
nuclear 
interaction 
in flight 
| after tra- 
} versing 3°5 
mm. of path 
"g | 4+62| 2-5 cm.| 1015+120 [385 « () 7:8 Probably 
| proton 
t 46 uw (2) | Qe] | Probably 
| proton 
| 140 w (¢) | 4-1 | Probably >246 my 
proton 
0-14cm, (0) ‘> 17MeV) Proton or | 
| | deuteron | 
1-76 cm. (0)| 1836 >180 MeV! Proton 
“4 | Outside | 2-926 | 850495 [407 u (¢) 8-1 Probably | 
| of cm, | proton | 
block | | 456 uw (2) 9-0 Probably | 31 MeV 
| 
proton | 
Old | 1-2mm. | 549290 [282 u (2) | 6-5 | Probably | 
Track 5 | —170 proton | 
295 uw (2) \>120 MeV, Probably on MeV| t 
| | proton r 
| | i ‘ 
= 








mass measurements for those K~-mesons for which sufficient track length 
is available have been given in an earlier paper.6 Our best mass value is 


 =927+ 75 me 
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Event No.1 can be attributed to the capture of a K~-meson because a 
L-meson (presumably a 28 MeV z-meson) is emitted from the capture 
star and the particle which produces the star can be identified as 
singly charged with a mass which is probably lower than that of a 
proton but higher than that of a 7-meson. 


Event No. 2is very similar to event No. 1, but here the track of the particle 
responsible for the capture star is so short (924) that the only infor- 
mation on the particle producing the capture star is that it has a 
mass larger than the 7-meson and carries a charge Z less than 3. An 
Alternative interpretation along the line of Danysz and Pniewski’ is, 
therefore, possible in this case: the event may be the emission of a 
helium fragment incorporating a hyperon which subsequently decays 
and breaks up the nucleus. The measured energy of the emitted 
m-meson would not be inconsistent with such an interpretation. 


In Event No. 3 the K~-meson is identified both by direct mass measure- 
ment and by the fact that the observable energy release in the capture 
star exceeds the rest energy of a 7-meson. 


In Event No. 4 the identification of the K--mesons rests only on measure- 
ments of its mass. 


Event No. 5. This is an “‘ old event ’’ in which the track of the K--mesons 
cannot be traced. The mass value is, therefore, rather inaccurate 
because the available track length is small. The mass seems to lie 
higher than the z-meson mass. The observable energy release in 
the capture star lies close to but does not clearly exceed the rest energy 
of az-meson. It is, therefore, highly probable but not quite conclusive 
that this event should be attributed to a capture of a K-meson 
at rest. 


V. THE FREQUENCY OF PRODUCTION OF SLOW 7 AND K~MESONS 


Although our statistics are still very poor, we can at least make a rough 
estimate of the frequency of production of + and K--mesons. 


Excluding ‘‘ old tracks ’’ we have in a particular area located and traced 
towards their origin 268 positive and 324 negative z-mesons (see Table I). 
56% and 42% respectively originated outside the emulsion block. If we 
apply the same percentages to the tracks which have been followed only 
through part of their range in the block we find 117 out of 268 z*-mesons 
and 189 out of 324 7--mesons are created in the block, and give rise to decays 











412 D. LAL AND OTHERS 


or capture stars after coming to rest. If m designates the number of particles 
satisfying these criteria we have in a given area 


— oe. 
—  —_ 


7 


“62 


We now assume that all z-mesons decaying in emulsion are positive and, 
therefore, give rise to 27+ and Im--mesons. In our 3 cases we found that 
5 of the 9 decay products came to rest in the block (1-7 7-mesons per 7- 
meson). In view of the dimensions of our block and the most probable 
range of 1 cm. for the decay products it seems reasonable to accept this 
number as the average number of stopping 7’s per r-decay. 


Let n, be the number of z-mesons created and decaying in the block. 
They will give rise to 4x 1-7n, positive and to }x1-7n negative 7-mesons 
stopping in the block. The fraction of stopping 7+ which have their origin 


P : n 
in t-decays is, therefore, 1-13 on ° 


1 
The ratio of 7~-mesons which have their origin in 7 decays and which 
come to rest and produce capture stars to the total number of such mesons 
n n ; 
: “x 1-7 @7S x 2 t = +256 ete (The factor 0-73 arises from the 
TT 7 


fact that 27% of z— mesons fail to produce visible capture stars). 


iS 


Since we have found 2 7 mesons by tracing 117 z+ from their decay and 
189n- from their capture stars towards their origin we find 


Ny _ a — -g)0 
nt — T-I3x117 + 0256x199 — (1+ 9°8)% 

For the ratio of «~-mesons to 7~-mesons which come to rest in the block and 
produce capture stars we obtain 


me “ ed = (0-95 4 0-50)% if we include all observations, 
a it es =(0:9340-55)% if we omit “ old tracks ”’, 
9 2 
and oe _ 13 5 = (1:05 + 0-75)% if we confine ourselves to parti- 


cles originating inside the emul- 
sion block detector, 
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les VI. ON THE NATURE OF CHARGED K-MESONS 


The relations which exist among the various phenomena which involve 
the disintegration or nuclear capture of charged K-mesons are still far from 
clear and the remarks in this section which owe a great deal to the discussions 
at the Cosmic Ray Conference at Bagnéres in July 1953 are, therefore, largely 


d, : 

~ speculative. 

T In the Cloud Chamber observations we have three types of events: 

le (1) Particles which are either positive or negative and disintegrate in 

. flight into 3 L-mesons. 

(2) Particles which are either positive or negative and decay in flight into 

k. a single charged L-meson (V-events). 

: (3) Particles which when brought to rest in an absorber inside the cloud 
chamber disintegrate and give rise to a single L-meson (and some- 
times a y-ray going in the opposite direction). The sign of charge 

of these particle (giving rise to the so-called S-events) is known 

h only in the four cases observed by the Pic du Midi group of the 

S Ecole Polytechnique and was positive in each of the four cases. 

e The type No. 2 is about 20 times as frequent as type No. 1. 

In nuclear emulsions one has also observed three types of events. 

(4) Particles which disintegrate at rest into 3 7-mesons. 


(5) Particles which give rise to capture stars when brought to rest. 


(6) Particles which decay at rest into a single charged L-meson. In 
at least two cases the L-meson is not relativistic and can be 
identified as a p-meson. In the other cases the L-mesons are 

| relativistic though not monoenergetic and cannot definitely be 
identified as 7 or p. 

(The possible division of this group into Kappa-mesons giving rise 
to w-mesons of varying energies and X-mesons giving rise to 
m-mesons of a unique energy cannot as yet be considered to be 
established beyond doubt). 


Types No. 4 and No.5 seem to occur with about equal frequency as we 
have shown in the preceeding section. In scanning emulsions in various 
laboratories type No. 6 has been found about 9 times as frequently as 
type No. 4. Since decay event No. 4is much easier to observe than the event 
No.6 it seems that type No.6 is at least 10 times, possibly as much as 20 
times more frequent than type No. 4. 
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It seems quite certain that events No. 1 observed in cloud chambers are 
related to the 7-meson (event No. 4) observed in emulsions. In a previous 
section we have shown that very probably all 7-mesons observed in emul- 
sion are positive. Therefore, we may identify the positively charged 
particles decaying into 3 L-mesons in the gas of the cloud chamber with the 
t-meson. We believe that the negatively charged particles decaying into 
3 L-mesons in the gas of the cloud chamber should be identified with event 
No. 5, i.e., the negative K-mesons giving rise to capture stars at rest. The 
arguments in favour of this identification are: 


(a) 7*-mesons and K~-mesons have within rather narrow limits the same 
rest mass. 


(8) 7*-mesons and K~mesons have lifetime sufficiently long to be brought 
to rest in solid matter. 


(y) t*-mesons and K--mesons of low energy are produeed with com- 
parable frequency. 


It seems fairly certain that the S-events in cloud chambers (event No. 3) 
should be identified with the S-events in emulsions (event No. 6) and that the 
particles giving rise to these events are included among those giving rise to 
the V-events (group No. 2). The evidence of the Paris group on the charge 
of S-particles would indicate that the S-events in cloud chambers and emul- 
sions should ‘be identified only with the positively charged particles giving 
rise to the V-events although this evidence rests on only four charge deter- 
minations. 


If we admit all these suggested identifications it follows that the nega- 
tively charged particles which give rise to V-events have not been observed 
when at rest either in cloud chambers or in photographic emulsions. It is 
hard to believe that they could have escaped detection in photographic 
emulsions unless they simply come to rest without producing any capture 
star. We must then assume that this particle is captured by a nucleus, but 
that in spite of the resultant release of half a BeV of energy no visible prongs 
are emitted in at least 80% of the cases. Or we may assume that the negative 
particle giving rise to V-events has a much shorter lifetime than its positive 
counterpart and hardly ever comes to rest in emulsions. (Cloud Chamber 


evidence on the lifetime of charged V’s does not however, support this con- 
clusion.) 


If in order to escape from the conclusion that this negative particle is 
captured without producing a capture star, we discount the as yet incom- 
plete evidence of the Paris group in favour of the exclusively positive charge 
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of particles giving rise to S-events, we must assume alternatively that at least 
30% of these particles do not interact with nuclei when at rest, but decay 
even in the presence of fairly heavy nuclei. 


These conclusions are not appreciably modified if we assume that part 
or even all of the observed capture stars produced by negative K-mesons 
should be attributed not to negative r-mesons but to the negative primaries 
of V-events brought to rest. The frequency of occurrence of such capture 
stars as measured by us is too low, being comparable to the frequency 
of r-decays rather than to the 20 times more abundant number of S-events 
in emulsions. This is supported by the evidence of Harris and Friedlander® 
who failed to find any clear cases of K~-capture in a large sample of stars 
induced by slow particles (co-stars). 


Nevertheless this alternative is worth considering because it offers the 
possibility for a certain simplification. In a recent paper® we have pointed out 
that the masses of r-mesons, K~-mesons giving rise to capture stars and at least 
the majority of particles giving rise to S-events are, equal within rather 
natrow limits. The approximate equality of the relative frequency of S-events 
to t-decays in emulsions and of V-events to 7-decays in cloud chambers 
indicates that also the lifetimes of these particles are similar. The available 
observations are, therefore, consistent with the view that there exists only 
one type of charged K-particle which can decay either into a single L-meson 
plus some neutral particles or into 3 7-mesons, the former mode of decay 
being more probable by a factor of the order of 20. We have then to assume 
that the negative particle when brought to rest in heavy material gives rise 
to capture stars in about 5% of the cases and gives no visible star in the 
remaining cases. The observed equality in the number of 7-decays and of 
capture stars produced by K-mesons must then be considered to be acci- 
dental. If we make this assumption then it follows that the negative particles 
which fail to produce visible capture stars are nevertheless captured by 
nuclei and do not decay; otherwise we could not account for the preponde- 
rance of positive 7-mesons among the disintegration products of the 7-decay 
occurring at rest. 


Thus if we are dealing with only one type of charged K-mesons, the 
negative particle when brought to rest in emulsion is captured but rarely 
produces a visible capture star. If we consider the 7-particle to be of differ- 
ent nature and we are dealing, therefore, with more than one type of charged 
K-particle then the negative particle responsible for V-events in cloud cham- 
bers either is captured when at rest in nuclear emulsions without normally 
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producing visible capture stars or it is a non-interacting particle which decays 
into one L-meson even if brought to rest. 


A decision between the last mentioned alternatives could in principle 
be derived from observations of the interaction mean free path of shower 
particles in high energy jets, which according to Daniel, et al.® contain 
23 + 10% of K-mesons. In view of the existing cloud chamber evidence 
only a small percentage should be r-mesons. The mean-free path for nuclear 
interaction in emulsion of shower particles from jets of more than 50 BeV 
energy has been studied in Bristol and in our laboratory. We have observed 
so far 22 interactionst in an integrated path length of 532cm. while the 
Bristol group® !° has reported 9 interactions in 239cm. path in emulsion. 
This gives a mean free path for shower particles from high energy jets of 
24:9 + 4-5cm. compared to the geometric mean free path of 24-2cm. 
This result seems to indicate geometric interaction cross-section also for 
K-mesons but is within statistical error still consistent with a mixture con- 
sisting of 7-mesons and about 10% protons with geometric cross-section 
and not more than 17-5% K-mesons with zero cross-section. This latter 
alternative also implies that the ratio of neutral 7-mesons to shower particles 
in high energy jets should be larger than 0-35, if we assume that the produc- 
tion ratio 7°/(7+ + 2) is always equal to one half. Neither the mean-free 
path of shower particles nor the ratio of 7°-mesons to shower particles is 
as yet known with sufficient accuracy to decide whether the majority of 
K-mesons are interacting or non-interacting particles. 


We believe then that this evidence and that of the Paris group on the 
charge of S-particles, while not conclusive, favours the view that negative 
particles of mass ~ 1000 m,. which when decaying in flight emit a single 
charged L-meson, are captured by nuclei when brought to rest in emulsions 
but do not in the majority of cases give rise to visible capture stars. 


If subsequent cloud chamber experiments should confirm that S-events 
are always produced by positively charged particles or if mass measurements 
on particles coming to rest in emulsion selected without bias as to their 
possible decay should prove the existence of K-particles which neither decay 
nor give capture stars, these conclusions would be greatly strengthened. If 
on the other hand cloud chamber experiments gave positive and negative 
S-particles in comparable number or in emulsion work particles of mass 
~ 1000 me selected without bias were found to decay in the large majority 
of cases, the particle responsible for charged V-events are very probably 


t We are indebted to Mr. Rama of this laboratory for permission to quote some of 
his unpublished results. 
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non-interacting. The observed mean free-path of shower particles would 
then give an upper limit to their production frequency. Furthermore, in 
this case the K~--particles observed by us must be of a different type “and 
their identification with negative s-mesons would seem more compelling. 


In conclusion we would like to emphasize again two observations which 
may or may not be relevant to the question of the production of K-particles: 


Among 9 nuclear events which give rise to charged K-mesons we found: 


One event in which a 7-meson is emitted together with a charged hyperon 
which decays in flight into a L-meson and one or more neutral particles. 
(If there is only one neutral particle its rest mass must exceed 1570 me) 
and one event in which a K--meson is emitted which gives rise to a 
capture star together with a K-meson which gives rise to an S-event. 
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ABSTRACT 


A new method is developed for determining the mass of particles 
coming to rest in nuclear emulsions. Multiple coulomb scattering is 
measured with cells whose lengths vary along the trajectory in such a 
manner as to compensate for the momentum loss of the particle and keep 
the mean deviation between adjacent cells constant over the entire track. 
It is shown that this procedure is more convenient and inherently more 
accurate than that based on scattering measurements with constant 
cellsize. The method has been applied to K-mesons which at the end of 
their range either decay into a single charged relativistic particle 
(K+-mesons) or into 37-mesons (7-mesons) or give rise to capture stars 
(K--mesons). The results are within experimental error consistent with 
the assumption that the mass of these three classes of particles are identical 
and equal to the well established mass of the 7-mesons. The average 


mass of a group of 9 long K-mesons determined with our scattering pro- 
cedure is My = 974 + 42m,. 


I. INTRODUCTION 


THE mass of particles which come to rest in photographic emulsions can 
be obtained by measuring as a function of residual range, either the varia- 
tion of ionization or the variation of multiple scattering along their track. 
The choice of the method which will give highest accuracy in a particular 
case depends on the mass of the particle, the orientation and length of the 
track available for measurement and the sensitivity of the emulsion. 


A measurement of ionization can be obtained from the photometric 
density of the track, from the number of developed grains per unit track 
length (grain density) or from the proportion of the track length which is 
free of developed silver grains (integrated gap length). Of these three 
methods for comparing ionization, the measurement of grain density is by 
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far the most accurate when applicable and has been used in most of the 
earlier work to determine the mass of particles stopping in emulsions. The 


reason why mass determination from grain density versus range is no longer 
used extensively is two fold: 


(a) With the development of more sensitive emulsions it has become 
possible and, for most experiments, desirable to employ emulsions which 
are sensitive to particles of minimum ionization. In such emulsions the grain 
density begins to saturate when the velocity of a singly charged particle falls 
below v =-4c. Accurate grain density measurements require, therefore, 
that the track of the particle is observable over an appreciable length such 
that in at least part of the trajectory the particle’s velocity exceeds v = 0:4 c. 


(b) Interest has shifted to particles of rest mass considerably larger 
than that of z-mesons. The saturation effect extends, therefore, over a 
large part of the residual range. For instance, accurate grain density 
measurements on particles of mass 1,000 electron masses or larger require 
observable residual ranges of more than 1-6cm. while the available track 
length is usually much shorter. Even if sufficient track length is available, 
there is the danger that some inelastic scattering which is unobservable in 
the long saturated portion of the track, introduces a large error in the mass 
value obtained from grain density versus residual range. 


Comparative ionization measurements by photometric density or inte- 
grated gap length on the other hand are applicable in sensitive emulsions to 
tracks of particles: with small residual range and large rest mass. These 
methods promise to gain in importance in the near future, since recent 
technical improvements have increased their accuracy.) * ® 


However, the method which is most frequently used at present for 
obtaining the mass of stopping particles consists of measuring multiple 
coulomb scattering of tracks and residual range. A serious difficulty in this 
method as used in the past arises from the fact that the rapid energy loss of 
slow particles produces a rapid variation of the scattering values with range. 
The available track length must therefore be sub-divided into sections for 
which the scattering value is determined separately and these results of 
necessarily low statistical accuracy have to be fitted by trial and error to the 
best fitting of a series of scattering versus range curves representing various 
mass values. A modification of this procedure has been adopted by Menon 
and Rochat* who relate the scattering value obtained for half of the available 


track length to an empirically determined function of the particle mass and 
range. 
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All methods so far employed have however in common the use of a 
constant cell length to determine scattering in limited sections of the track. 


Apart from the inaccuracy involved in relating scattering values of 
comparatively low statistical accuracy obtained from various sections of 
the track to the particle mass, there are other disadvantages, arising from the 
necessity of sub-dividing the available track length. 


(a) Correction for large angle single scattering is usually made by 
omitting from the averaging process all deflections which exceed the average 
deflection by a certain factor (usually all readings larger than four times 
average are rejected). This cut-off value varies with residual range and 
must be determined separately on the basis of the limited number of measure- 
ments available in each of the sections into which the track was divided. 


Such a procedure for large angle scattering correction introduces therefore 
appreciable fluctuations. 


(b) The optimum cell length is obtained by the compromise that the 
cell must be small enough to permit a large number of individual measure- 
ments yet large enough so that the scattering between cells is sufficiently 
high above the noise level. When the scattering increases due to the particle’s 
slowing down, this optimum cell size decreases. A cell size which is opti- 
mum at the high energy end of a section of track is larger than optimum at 
the low energy end, resulting in a waste of information. 


These disadvantages can be overcome if instead of using cells of constant 
size along parts of the track one uses a set of cell sizes which vary conti- 
nuously in such a way as to keep the mean deflection per cell constant along 
the trajectory.* The mean deflection obtained with such a set of cell sizes 
is therefore independent of particle energy and only a function of mass. The 
set of cell sizes can be chosen such as to yield for a given noise level, optimum 
statistical accuracy for all parts of the track and the cut-off value for the single 
scattering correction can now be determined on the basis of deflections 
averaged over the entire available track length. 


In Section II this method is described in detail. In Section ILI it is shown 
that once a set of cell lengths has been calculated which make the mean devia- 
tion independent of range for tracks produced by particles of a given mass, 
the same set of cells will give a mean deflection independent of range when 
applied to tracks produced by a particle of different mass. Similarly it can 


* A very similar scattering method has been worked out simultaneously and independently 
by C. Dilworth, S. Goldsack and L. Hirschberg at Bruxelles. An outline of the method was 
presented by Mrs. Dilworth-Occhialini as a joint paper of the Bruxelles and the Bombay groups 
at the Cosmic Ray Conference at Bagnéres de Bigorre, July 1953. 
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be applied to the projection into the plane of the emulsion of a steeply dipping 
track. A simple relation is derived giving the mass of the particle as a 
function of the mean deviation and the dip angle of its track. 


In Section IV, we discuss noise corrections and also the choice of the 
schemes which will give optimum statistical accuracy. We also estimate 
the error in mass values obtained by this method. 


In Section V, we apply the method to tracks of known particles and 
determine their mass. Here it appears that within statistical accuracy 
correct mass values are obtained and in agreement with our calculations the 
experimental mass values are independent of the particular scheme which 
is used. 


Finally in Section VI, we apply our method to K-mesons coming to rest 
in an emulsion block detector and compare the results with mass values 
obtained by other methods and in other laboratories. 


II. OUTLINE OF A SCATTERING MEASUREMENT USING VARIABLE 
CELL LENGTH 


We have modified Fowler’s® ‘‘ co-ordinate method of scattering deter- 
mination ’’ in the following way. 


Based on the semi-theoretical relation between range in emulsion and 
energy and the relation between scattering, velocity and cell length, we have 
calculated for particles of a given mass the cell length required such that 
at a given residual range the average absolute value of the second differencet+ 
BD has a certain predetermined value 4. We then obtain a relation between 
cell length and range and can use this relation to find along the track a 
set of points (whose separation increases in the direction away from the 
stopping point), which when used as the end points of successive cell intervals 
give an average second difference whose value is constant along the track and 
equal to 4. 


Such a set of increasing cell lengths calculated for a given value of 4 
and for a given particle mass M we shall call a “ scattering scheme” and 
designate it as ““M , scheme”’. We shall show in Section III, that if such 
a scattering scheme is applied to the projection into the plane of the emulsion 
of a track produced by a particle of mass M’* M, traversing the emulsion 


+ The second difference D and the cell length tare defined as follows: Let P;, Py+4, 
Pi+2, etc., represent individual points on a track and let y; be the perpendicular distance 
between point P; and an arbitrary line which is approximately parallel to the track, then the 
second difference D; is defined by D; = y; — 2y;4; + 2yij42 andthe cell length ¢; by the 
distance between P; and Pj. 
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making an angle @ with the emulsion surface, the resulting average second 
difference 4'(M, 4, M’, @) is to a high degree of accuracy independent of 
residual range and can be represented by a simple function of the variables, 
The mass M’ can, therefore, be easily determined by applying an arbitrary 
scattering scheme to any track ending in the emulsion. 


The measured quantity 4’ must be interpreted as the average absolute 
value of the second differences (obtained from measurements on the projected 
track) after correction has been made for noise and for large angle single 
scattering. The noise correction is treated in Section IV. The large angle 
scattering correction is made by omitting from the averaging process all 
those second differences which exceed four times the average value of all the 
remaining second differences measured along the track. 


Ill. CALCULATION OF SCATTERING SCHEMES AND THE RELATION 
BETWEEN SCATTERING VALUES AND PARTICLE MASS 


In order to calculate the cell length required such that when measuring 
scattering on the track of a particle of mass M and residual range R, one 
obtains on the average a value for the second difference whose absolute 
magnitude is 4, one needs a relation between energy and residual range in 
emulsion as well as a relation connecting the multiple scattering with particle 
mass and velocity and with the cell length employed. 


(a) The Range-Energy Relation—For protons of energy up to 35 Mev 
we have used the available experimental information on ranges in photo- 
graphic emulsions as quoted by Beiser* (we have decreased all his ranges 
by 1% to take into account the slightly greater stopping power of Ilford G-5 
emulsions). The experimental values were plotted on the graph giving the 
range-energy relation for protons in Air, Aluminium and Lead which was 
published by the Princeton group and is based on the calculations of Smith.’ 
When plotted in such a way it becomes apparent that the ratio 
, = R? emulsion _ 

Raium X Riead 
increases. We have made the assumption that “‘r” remains constant for 
proton energies higher than those for which emulsion data are available 
and have used this extrapolation up to residual ranges of 10 cm. in emulsion. 


approaches a constant value as the proton energy 


The range-energy curve for singly charged particles of mass M different 
from the proton mass My, is then easily obtained from the relation 


Ru ©) = yy Rp ©) (1) 


where v is the particle velocity and R its range. 
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(b) The Scattering Formula.—For the relation between the mean abso- 
lute value of the second difference 4, the particle mass M and velocity Bc 
and the cell length ¢ we have used a formula based on the theory of 
Williams® and calculated for emulsions by Voyvodic and Pickup.® This 
formula may be written 


mA 2 1-006 2/1 —F 7, 0-941 
oo NE 0-511 x 57-3 B [1-45 + 0-8) In Fro | (2) 


(here the factor 0-96 represents the effect of smoothing out scattering since 
the position of the track is measured by observing the position of a small 
number of grains rather than that of a single grain. The factor 4/2 arises 
because the second difference is determined using successive sagittas rather 
than tangents. The factor 0-511 converts the rest energy of the electron 
mec? into MeV. A and ¢ are measured in microns.) 


The numerical factor 1-006 represents the “scattering constant” 
derived theoretically for the case that no correction is made for large angle 
single scattering when measuring 4. It can be shown that for the particular 
choice of cell lengths as a function of range which keep 4 constant, the 
introduction of a large angle cut-off corresponds simply to a reduction in 
the scattering constant. Although we employ the customary cut-off pro- 
cedure, we have calculated our schemes with the theoretical constant 1-006 
and later introduced a correction to the scattering constant on the basis of 
the calibration measurements on the masses of known particles (see Section V). 


(c) Relation Between Cell Length t and Residual Range R for Constant 
M and 4.—Using the range energy relation for protons in elmusion, together 
with equations 1 and 2, we can now for any value of M and 4 calculate the 
required cell length ¢ as a function of residual range. The corresponding 
graphs for 4 =1y and 4 = 1-6, are shown in Fig. 1 using for M the mass 
of the proton and of the z-meson respectively. From these graphs one can 
now easily construct the scattering schemes P,., and 7... Starting at a 
small but arbitrary residual range Ry one finds from Fig. 1, the correspond- 
ing value fj, next one finds the value of ¢, corresponding to the residual range 
R, + t) and the value f, corresponding to the residual range Ry+t)+4,, etc. 
The scattering schemes P,., and 7;., obtained in this manner for protons and 
m-mesons are given in the Appendix. When for instance the cell lengths 
t listed in the P,., scheme are used for measuring scattering on flat proton 
tracks we expect to find for any of the tracks and for any part of the 
tracks the same mean absolute value for the second difference, namely 
1-0 microns. 

AG 
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Fic, 1. The variation of the cell-length, ¢ with Residual Range R for constant value of the 
mean absolute second difference, A. The curves correspond to A=1-6 » for protons and 7- 
mesons and to A==1-0. for protons, 


(d) The Application of a Scattering Scheme to Dipping Tracks.—In ordi- 
nary nuclear plates no reliable mass measurements can be made on tracks 
which make an appreciable angle with the plane of the emulsion, because 
the available track length is always short. If one employs, however, an 
emulsion block detector!® tracks with appreciable dip when traced through 
many contiguous emulsion sheets often provide sufficient track lepgth for 
mass determinations. For this reason the usefulness of the scattering method 
proposed here will be greatly extended if it can be applied to mass determina- 
tions on dipping tracks. 


Consider for instance a proton track which in the undeveloped emulsion 
makes an angle @ with the plane of the emulsion and let us calculate from the 
range-energy relation and equations (1) and (2), the mean second difference 
D (0, R) which we should obtain by using at a residual range R; = R?74% 
sec # not the cell length ¢; obtainable from the graph in Fig. 1, but the 
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increased value t;’ = t; sec 6. The value D (9, R) so calculated represents then 
the mean second difference which we should measure if we simply applied 
our scattering scheme to the projection into the plane of the emulsion of a 
uniformly dipping track. [The measured value of D(@, R) is not affected 
by a subsequent uniform shrinkage of the emulsion thickness.] In Table I 
the ratio, D (@, R)/4 is shown for various values of R and @ using the 7., 
scheme on a z7-meson track. One sees that D(@, R) is very nearly inde- 
pendent of R and this independence also holds for other scattering schemes. 
Its dependence on @ can in the range 0 < @ < 60° be represented by the 
empirical formula. 


D (9) = A (sec 6)0-9% (3) 
Equation 3 permits then to obtain the mean absolute value of the second 
difference for a flat track from measurements carried out on the projection 
of a uniformly dipping track. (If the dip angle is different in different sec- 
tions of the track, the sections must be treated separately.) 


TABLE I 


D(@, R)/4 as a Function of Range for Various Values of the Dip Angle 
6 and for the 7,., Scattering Scheme 




















\ Range 
Dip 1 mm. 2 mm. 5 mm. 1 cm. 2 cm. 5 cm. 10 cm. 
Angle 6 
0° | 1-000 1-000 1-000 1-000 1-000 1-000 1-000 
15° | 1-035 1-030 1-030 1-030 1-030 1-035 1-035 
30° | 1-150 1-150 1-145 1-145 1-145 1-150 1-150 
45° | 1-405 1-405 1-405 1-405 1-400 1-405 1-405 





(e) Application of Scattering Schemes to Particles of Unkown Mass.— 
Using again the range-energy relation and equations (1) and (2), we 
calculate now as a function of residual range the mean absolute second 
difference D (M’, R) which we should obtain if a certain scattering scheme 
M, is applied to a flat track produced by a particle of mass M’ + M. We 
find that in the range interval of -1 to 10cm., if the particle’s mass M’ is 
nearly equal to the scheme mass M, the variation of D(M’, R) with range 
is less than 1%. As M’ becomes much smaller than M, the variation of 
DB (M’, R) with range incteases, but even when M’ ~—_ 1M as in the case of 
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a m-meson measured with the proton scheme, the variation of D(M’, R) 
with range does not exceed 3% of the mean value. We can, therefore, 
neglect this slight dependence on range and plot for any scheme Ma the 
mean absolute second difference D (M’) as a function of particle mass (M’). 
This graph is shown in Fig. 2. The curves can be represented by the relation 


D(M’) = 4 (Gr) (4) 


If we designate by 4’ the mean absolute second difference obtained on a 
track of dip angle @ using the scattering scheme Ma we obtain by combining 
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Fic. 2. The mean absolute second difference A’(M’) is shown as a function of particle 
mass M’ when measured with P,.¢, 21-¢, Py-9 and 7,°9 scattering schemes. 
the results of paragraphs (d) and (e) the mass M’ of the particle responsible 
for the track 


: 4 2,276 2,221 ' 
M’= M(>) (secé) (5’) 


t If the range-energy curve is approximated by a single power law the variation is much 
larger and reaches about 10% for w -mesons scattered according to a proton scheme. The 
deviation from a power law in the range-energy relation tends to decrease the variation of 
B (M’, R) with range. 
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IV. NoISE CORRECTION AND ERRORS IN THE MASS DETERMINATION 


The statistical accuracy of the measured scattering value and therefore 
of the particle’s mass depends for a track of given length on the number of 
available cells and, therefore, on the choice of the scattering scheme. The 
choice is essentially limited by the condition that the measured scattering 
value must be significantly larger than the noise level. The noise arises 
from the fact that the centres of individual grains are not located exactly on 
the trajectory and that the determination of the exact location of these 
centres involves a small reading error. 


The former factor is the most important source of noise, which should, 
therefore, have a magnitude of order or half the diameter of the average 
grain. In the region where the method discussed here is useful (particle 
range < 10cm.) the cell lengths will never get so large as to make the noise 
in the movement of the microscope stage a significant contribution to the 
noise level; the spurious scattering due to noise should, therefore, be 
independent of cell length. Since the position of the track is determined 
by fitting a hairline in the eyepiece through a short section of track, the 
spurious scattering may be expected to increase slightly with decreasing 
grain density. We shall show, however, in this section that it is advantageous 
to chose the scattering scheme in such a way that the noise correction becomes 
very small and, therefore, the small variations of noise along the track can 
be neglected. 


When measuring the spurious scattering on tracks of singly and doubly 
charged particles which, because they produce very energetic nuclear inter- 
actions, are known to have very high energy, we find that the noise has a 
value of 0-16 and varies only slightly with cell length and track density. 
We shall assume that the noise has a gaussian distribution and a mean 
absolute value of 0-16, for all our scattering measurements. We shall also 
assume that the true second differences due to multiple coulomb scattering 
and therefore also the measured second differences (which include noise) 
have a gaussian distribution. On these assumptions one can show that if 
4, D, « represent the mean absolute values of the true second differences, 
the measured second differences and the noise respectively, 4 is given by 


4 =(D? — e%)t, (6) 
For a track of finite length the contribution of the noise to the scattering 


value is not the noise measured on infinitely long tracks but will fluctuate 
around this value. If m readings are taken the standard deviation in the 
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0-76 0-76 : 
mean absolute values D and «€ are pn D and we e* respectively 
(Kendall"). 

The standard deviation for 4 becomes, therefore, 
0:76 /D* + et 
64 = we prt) (7) 


Since n is inversely proportional to the cell length, and, therefore, propor- 
tional to 4-# we can write equation (7) as 
64 =o[, D* + «4 | 


A (D? — «2/53 (7 a) 


where o is a constant. 


The quantity - has a flat minimum at 4 =2-40.€ and this minimum 


value is 
_ 0: = * 
min 


The optimum scattering scheme is, therefore, one in which the second differ- 
ence is 2-40 times the average noise and the corresponding error in the mass 
determination (from equations 5’ and 8) is 


5M a= 05 
CM min ng 0) 


ny being the number of independent cells available for this scheme and track 
length. If, however, we decide to use a scheme in which the second difference 
has two and a half times its value at optimum, the percentage error in the 
mass value increases only slightly because the increase due to reduction in 
the number of available cells by the factor (2-5)# is partly compensated 


* This is not strictly true because the noise due to the displacement of the centre of a 
small group of grains from the true trajectory will affect three successive readings of second 
differences. We believe, however, that the simplified relations which we use here are sufficiently 
accurate for our purpose. 


** An estimate of the standard deviation lying between 8 and 2. has been in use in most 

n 
laboratories. They have however, been applied even in such cases where the second difference 
A was much smaller than its optimum value of 2.4 e. For instance if the cell lengths are chosen 


so small as to give A ~ e the error according to equation 7 becomes a4 . Wa or twice as 
n 

large as the estimate based on the usual convention. ‘We believe, therefore, that our estimates 

of error are moré conservative than those which have.been in use until now. 
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by the reduced effect of noise fluctuations on the final value. One obtains 
for 4 = 6 € a percentage error in the mass 


5M _ 1-78 _ 2-41 5M 

a ae ve ee m 
Thus the error is only increased by 17% over its lowest possible value if we 
use a scattering scheme in which the second difference is six times the noise 
level. With such a scheme the noise correction to the measured second 
difference D amounts to only 1-4%. If we use such a scheme the small varia- 
tions of noise along the track and small differences between the values 
obtained by different observers become unimportant. Therefore, we believe 
that in practice the most reliable and accurate mass values are obtained by 
choosing a scattering scheme in which the second differences are from four 
to six times larger than the noise level (0-6 < 4 X 1»). 


VY. APPLICATION OF SCATTERING SCHEMES TO PARTICLES OF KNOWN MASss 


We have applied the 7,., scheme to long tracks of known z-mesons 
and obtained about 900 values of the second difference D. The distribu- 
tion of the D values is shown in Fig. 3, together with the Gaussian curve 
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Fic. 3. The distribution of the values of the second difference D for r-mesons measured 
with a,-,, scheme is shown in the histogram together with the Gaussian curve normalised to the 
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normalized to the same area and corresponding to the theoretically pre- 
dicted mean absolute deviation of 1-6 microns. The average of the 90 
experimental D values (after correction for the noise « =0-16p and a 
small correction for dip) is 
*ID El 4 = 1-630 + 0415p 


and the corresponding value of the mass is 
m,, = 264 + 17 m, (electron masses) 


In order to exhibit the fact that the experimental D value distribution 
is independent of range as predicted by theory we show in Figs. 4a and 45 
separately the distribution of D values from the last 2-7.mm. of track length 
and from those parts of the tracks where the residual range exceeded 2-7 mm. 
The curves shown in Figs. 4a and 4b are again the expected Gaussian distri- 
bution curves. 


We have also applied the P,., scheme to long proton tracks and obtained 
about 800 D values. 
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Fics. 4 (a) and (8). The distribution of the values of the second difference D for +r-mesons 
measured with w,-, scheme is shown in the histogram 4(a@) for ranges of 0 to 2-7mm. and n 
4(b) for ranges > 2:7 mm., together with the Gaussian curve normalised to the same area and 
corresponding to the theoretically predicted mean absolute deviation of 1-6y. 


Their average is 
4 =1-602 + -046. 
Mp = 1831 + 120 me. 


In order to test our conclusion derived in Section III that the mass of 
a particle may be obtained from equation 5’ by inserting the average second 
difference 4’ obtained by applying an arbitrary scattering scheme we have 
determined 4’ by using the P,. , scheme on z-meson tracks and the 7,., schemes 
on proton tracks. 


The application of the P, . » scheme to 7-mesons gave 4’ = 2-339 + -061 py 


1-0 \2-276 
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The application of the 7,., scheme to protons gave 4’ = 0-706 + 0-019 u 


1:6 \2-276 


Mp =m, (=706 = 1780+ 110 me. 


In Fig. 5 the distribution of D values of protons measured with 7 ,., 
scheme is shown, together with the Gaussian curve normalised to the same 
area and corresponding to the theoretically predicted mean absolute value 
of A’, from equation (5’). 
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Fic. 5. The distribution of the values of the second difference D' for protons measured 
with ,-, scheme is shown in the histogram together with the Gaussian curve normalised to the 
same area and corresponding to the theoretically predicted mean absolute value of A'=.696x 
(from equation 5’), 


These results then, verify the conclusions derived in the previous section 
that 4’ is independent of range and that formula 5’ is valid. They also 
establish that the stopping power of G-5 emulsions and the scattering 
constant for emulsions which we have used implicitly in our scattering 
schemes are approximately correct. A slightly better fit with the known 
masses of our calibration particles is obtained if we change the scattering 
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constant (equation 2) from K =1-006 to K =1-020+ -013. Corres- 
pondingly equation 5’ must be changed to 
2.221 


M’ =(1-03 + -03) M (*) (sec 6) (5) 


This implies that in addition to the statistical errors our mass values derived 
with these schemes may be subject to a 3% systematic error until more accu- 
rate calibration data are available. 


VI. DETERMINATIONS ON THE MASS OF SLOW K-MESONS 


The method of variable cell length has been applied to mass determina- 
tions on 9 long K-mesons which come to rest in an emulsion block. Of 
these 9 particles, 

2 decay into 3 7-mesons and are therefore designated as 7-mesons. 


5 decay and emit a single charged relativistic particle at the end of their 
range and are designated as K*-mesons. 


2 produce stars when they come to rest and are designated as K~-mesons 
(it is, however, possible that they are the negative counterpart of the 
7-mesons rather than that of the particles designated as K+-mesons). 


The data on these particles are summarized in Table II. 
Column 1 describes the nature of the particle. 


Column 2 describes the nuclear event in which the particle originates 
(The notation is that introduced by Brown et al.?*). 


Column 3 gives the observed range and 
Column 4 gives the mean dip angle. 


Columns 5, 6 and 7 give the mass values obtained by our method and 
with three different scattering schemes. (K,.) denotes a scheme cal- 
culated for particles of mass M = 1000 m,). 


Column 8 gives the mean mass value from different schemes. 

Column 9 the mass value obtained from grain density versus range. 

In each case the mass value derived from the track of a given particle 
by applying different scattering schemes are consistent with each other. If 
we assume that the 9 particles listed in Table II form a homogeneous 


group as far as their masses are concerned we obtain as a weighted average 
from scattering versus residual range. 


Mx =974 + 42 me. 
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The mass values obtained for 7 of the 9 particles agree with the mean value 
within one standard deviation and the remaining two mass values lie within 
two standard deviations. *** 


We shall now compare our results with those obtained in other laborato- 
ries. Upto the time of the Cosmic Ray Conference at Bagnéres de Bigorre 
in July 1953 a total of 41 scattering measurements on K*+-mesons have been 
reported by various other laboratories; 25 of these measurements were carried 
out on tracks of length greater than 2 mm. and will be compared with our 
results. 


The average obtained on three tracks each, by the groups at Brussels, 
Milan, Paris and Rochester are in agreement with each other. The weighted 
mean mass of these 12 particles is 


Mx*t = 974 + 29 me 
in excellent agreement with our own value. 


The 13 particles measured by the Bristol group give a weighted average 
mass of 
Mx+ = 1120 + 43 me 


which lies higher by about four standard deviations. The discrepancy could 
be either due to a slight systematic difference in the measuring procedures, 
but probably it should be considered as an indication that there exists 
another type of K+-meson with somewhat greater mass. 


It seems, in any case, very likely that at least a large fraction of K*+-mesons 
have a mass close to 975 me. 


The mass of the 7t-mesons can be determined from an analysis of its 
decay products more accurately than from direct measurements. The 
weighted mean mass for 11 7-mesons reported by various laboratories upto 
July 1953 is given by Amaldi et al.'* as 


M, =980 + 4:4 me 


While similar mass determinations on 3 7-mesons in our own laboratory" 


gave 
M, =976 + 2-0 me. 








*** We have no explanation for the high mass value obtained for particle 3 z (the mass 
derived from the energy of its decay products is 975 m,). Its track is very steep and traverses. 
8 emulsions such that only ~ 900 uw of track length is available for scattering in each emulsions 
On the other hand scattering measurements on an equally steep proton track gave no anomalous 
results, 
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We conclude that within experimental error the masses of Kt, -K~ -and 
7-mesons are identical and close to about 975 me, although the existence of 
some K-mesons with somewhat higher mass cannot be ruled out. 


We are indebted to Mrs. S. Mitra and to Dr. R. Daniel for assistance 
in some of the measurements reported here. 
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APPENDIX I 
" (A) 7.¢ SCATTERING SCHEME 

No. Range Cell length No. Range Cell length 
R (u) t (u) R (x) t (u) 
| 10 11 36 1597 70 
21 15 1667 71 
36 18 1738 72 
54 21 1810 73 
75 24 1883 74 
6 99 26 41 1957 75 
125 28 2032 76 
153 30 2108 77 
183 33 2185 78 
216 35 2263 79 
11 251 36 46 2342 80 
287 38 2422 81 
325 40 2503 82 
365 41 2585 83 
406 43 2668 84 
16 449 45 51 2752 85 
494 46 2837 86 
540 48 2923 86 
588 49 3009 87 
637 50 3096 88 
21 687 52 56 3184 89 
739 53 3273 90 
792 54 3363 91 
846 56 3454 92 
902 57 3546 93 
26 959 58 61 3636 94 
1017 60 3730 94 
1077 61 3824 95 
1138 62 3919 96 
1200 63 4015 97 
31 1263 64 66 4112 98 
1327 66 4210 98 
1393 67 4308 99 
1460 68 4407 100 
1528 69 4507 100 
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No. Range Cell No. No. Range Cell length 
R (1) t (u) R (py) t (4) 
71 4607 101 96 7343 119 
4708 101 7462 120 
4809 102 7582 120 
4911 102 7702 121 
5013 103 7823 121 
76 5116 104 101 7944 122 
5220 104 8066 122 
5324 105 8188 123 
5429 106 8311 124 
5535 107 8435 125 
81 5642 109 106 8560 126 
5751 110 8686 127 
5861 110 8813 127 
5971 111 8940 128 
6082 112 9068 129 
86 6194 112 111 9197 130 
6306 112 9327 130 
6418 113 9457 130 
6531 113 9587 131 
6644 114 9718 131 
91 6758 115 116 9849 132 
6873 116 9981 132 
6989 117 10113 133 
7106 118 
7224 119 
(B) P,.9 SCATTERING SCHEME 
l 40 22 11 418 53 
62 27 471 55 
89 30 526 57 
119 34 583 60 
153 37 643 62 
6 190 40, 16 705 64 
230 43 769 66 
273 46 835 68 
319 48 903 70 
367 51 973 72 
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No. Range Cell length No. Range Cell length 
R (u) t p) R (x) t (u) 
21 1045 74 61 5216 132 
1119 76 5348 133 
1195 78 5481, 134 
1273 80 5615 136 
1353 81 5751 138 
26 1434 83 66 5889 139 
1517 85 6028 140 
1602 86 6168 141 
1688 88 6309 142 
1776 90 6451 142 
31 1866 91 71 6593 143 
1957 93 6736 145 
2050 95 6881 146 
2145 96 7027 148 
2241 98 7175 150 
36 2339 100 76 7325 150 
2439 100 7475 151 
2539 101 7626 152 
2640 102 7778 153 
2742 104 7931 154 
41 2846 105 81 8085 155 
2951 106 8240 156 
3057 108 8396 157 
3165 110 8553 159 
3275 112 8712 160 
46 3387 113 86 8872 161 
3500 114 9033 162 
3614 115 9195 162 
3729 116 9357 163 
3845 118 9520 164 
51 3963 120 91 9684 165 
4083 121 9849 167 
4204 122 10016 168 
4326 123 
4449 124 
56 4573 126 
4699127, 
4826 129 
» 4955 130 
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